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FLYING THE FLAG The recent flag-planting. 
photo opportunity involvinga Russian 

submersible on the Lomonosov ridge 
beneath the Arctic Ocean isthe most 
dramatic example yet of a growingtrend. 


Deep thought: floating the flag. 


Geophysicists are being recruited to back 
up national claims on the seafloor and its 
associated mineral wealth. Daniel Cressey 
reports on the politicizationof a science, 
and the legal wrangling that we can antici- 
pate in the years tocome as competing 
claims are considered. [NewsFeature p.12] 


WORLDS VIEWED Dimitar Sasselov 
answers the questions you meant toask 
aboutextrasolar planets. How many are 
there? How do we know? Do they contain 
water? And of course, the big question: 
could we live on one of them? [News Views 
Featurep.29] Elsewhere in the issue, on page 
38, an affirmative answer to the question, 
‘Mave they founda young extrasolar 
planetyet?" 


RANKINSIDER The SClmago Journal & 
Country Rank, developed fromthe 
Google PageRank algorithm, is making 
waves in scientificcircles. Its journal 
rankings differ from, and make 
interesting comparison with, those 
derived from impact factors. Declan 
Butler, Nature's resident search-engine 
guru, keeps abreast of developments in 
this arcane field and writes this week on 
the current state of play. An alternative 
ranking system is welcome, it seems. 
But what they actually tell usis less 
clear. [See News] 


AGOOD BOOK Evolutionary biology 

has seen some remarkable advances in 
the past 30 years, with newfields like 
‘evodevo' and evolutionary genomics 
expanding the scope of thefield inall 
directions. This means there is always 
room for a good up-to-date textbook. Our 
reviewer rates Evolution, from Cold Spring 
Harbor Laboratory, asone of thebest. 
With support promised from http://www. 
evolution-textbook.org/, the book weighs 
inataconvenient size and scores wellon 
readability. [Books & Arts p.17] 
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Warming with altitude 


Some of the most pronounced signs of climate 
change have been seen in the Arctic, for exam- 
ple, near-surface warming there has been 
almost twice the global average over the past 
few decades. The underlying causes of this 
‘Arctic amplification’ remain uncertain, but 
examination of a temperature data set based. 
on modelling and observations in the region 
during this period provides some clues. The 
key finding is evidence for atmospheric tem- 
perature amplification well above the surface. 
This is unlikely to be a due to reduced snow 
and ice cover during the greater part of the 
year, suggesting that factors such as changes in 
atmospheric heat transport may be involved 
in the recent Arctic warming, [Letter p.53) 


Down's syndrome cancers 


Some epidemiological studies have suggested 
that individuals with Down's syndrome (who 
carry three copies of chromosome 21, known 
as trisomy 21) show a reduced incidence of 
solid tumours. Other studies failed to confirm 
this, Experiments in the Ts65Dn mouse model 
of Down's syndrome, trisomic for about 100 
genes, may have resolved these contradictory 
findings. They reveal that trisomy for a subset 
of mouse equivalents of chromosome 21 
genes reduces the incidence of some intestinal 
tumours, yet the presence of one copy of the 
same genes increases the number of tumours. 
The dosage-dependent effectis attributed to 
the Ets2 transcription factor. So Efs2, known. 
until now as an oncogene, is also atumour 
repressor, and is a potential target for anti- 
cancer prophylaxis. (Letter p. 73; News& Views p. 21] 


We are familiar with elementary particles that 
carry either negative or positive electric charge, 
such as electrons and protons, but there is no 
evidence of elementary particles witha net 
magnetic charge, Magnets tend to come with 
inseparable northand south poles, and there are 
no known magnetic monopoles despite concerted 
efforts to find them. Butan intriguing theoretical 
study now proposes that magnetic monopoles 
may exist, not as elementary particles, but as 
emergent particles in exotic condensed matter 
magnetic systems suchas ‘spin ice’, The theory, 
basedon an analogy to fractional electric charges 
seen, for example, in quantum Hall systems in 
two dimensions, can explain a mysterious phase 
transition thathas been observed experimentally 
inspinice. The cover, by Alessandro Canossa, 
depicts a magneticmonopole (red sphere) 
‘emerging from break-up of the dipole moment 
(arrows) of the underlying electronic degrees of 
freedom in spin ice. [Letter p. 42; News & Views p.22] 


Life after sex 


Most insect females undergo a profound 
switch in reproductive behaviour once they 
mate: they become unreceptive to courting 
males and start laying eggs. Mosquito females, 
in particular, start seeking a blood meal after 
sex. This transformation is triggered by factors 
present in the male seminal fluid, and in 1988 
the active factor in Drosophila was found to 

bea small peptide, dubbed the Sex peptide. 
Now the long-sought receptor protein for this 
peptide has been identified. The sex peptide 


Settling down: egg-laying is just one consequence of sex, 


receptor — which turns out to be the orphan 
receptor CG16752 — functions in a subset 
of neurons implicated in other sex-related 
behaviours. The receptor is highly conserved 
across insect species, raising the possibility 
that it could be targeted to disrupt reproduc- 
tion in insect pests or host-seeking behaviour 
in disease vectors. [Article p.33; News & Views p.24] 


A young exoplanet at last 


The number of known extrasolar planets is 
well into three figures, but until now, none has 
been what you might call ‘young: Now a mas- 
sive young planet, six times the mass of Jupi- 
ter, has been detected in the dust disk around 
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the nearby star TW Hydrae (TW Hya). At just 
8-10 million years old, TW Hya had already 
been identified as a likely location for devel- 
oping planets, and the building blocks for a 
planetary system are present in its circumstel- 
lar disk. The new observation is significant as 
it puts a direct constraint on the timescale of 
extrasolar planet formation. [Letter p 38] 


Nanocluster structures 


It is difficult to determine the three-dimen- 
sional structure of ultrasmall nanoparticles 
as they are unstable and tend to interact with 
any incident electron beams used to exam- 
ine them. Now, using aberration-corrected 
scanning transmission electron microscopy 
coupled with imaging simulation, the size, 
shape, orientation and atomic arrangement 
of specially prepared size-selected gold 
nanoclusters have been determined to single- 
atom resolution. The particles were preformed 
in the gas phase and soft-anded on an 
amorphous carbon substrate. These 
materials are of interest for catalytic and 
biological applications. [Letter p.46] 


Autumn warming 


‘Ananalysis of variations in atmospheric CO, 
and ecosystem CO, fluxes in the Northern 
Hemisphere shows that warmer autumns have 
been associated with an earlier autumn-to- 
winter CO, build-up in the atmosphere. This 
seems counter-intuitive: warm autumns surely 
imply long growing seasons and a beneficial 
effect on terrestrial carbon sinks as trees and 
plants make more biomass. An explanation is 
provided by satellite observations and numeri- 
cal modelling. Enhanced respiration caused 
by higher temperatures causes carbon losses 
that offset photosynthetic gains, limiting the 
potential of these ecosystems to actas carbon 
sinks. And CO, loss due to autumn warming 
may offset most of the increased CO, uptake 
during spring. If future warming occurs more 
rapidly in autumn than in spring, the ability 
of northern ecosystems to sequester carbon 
may diminish more rapidly than previously 
predicted. [Letter p. 49; News & Views p.26] 


Earthquakes take the strain 


Small strains induced by seismic waves can 
trigger earthquakes thousands of kilometres 
away, with failure often occurring long after 
the waves have passed. The mechanism 
behind this phenomenon of dynamic earth- 
quake triggering is unknown. Lab studies of 
granular friction have become a useful tool for 
investigating fault zone processes, as shown by 
new experiments tracking stick-slip in granu- 
lar media (glass beads), with acoustic waves 
used to simulate earthquake triggering. The 
results show that small magnitude failure 
events, corresponding to triggered after- 
shocks, occur when sound waves of sufficient 


amplitude are applied. Vibrations also cause 
large slip events to be disrupted in time 
relative to those without wave perturbation, 
suggesting that dynamic stressing of tectonic 
faults may play a role in determining the com- 
plexity of earthquake recurrence. [Letter p. 57] 


NUMB's anticancer action 


The NUMB protein is involved in cell fate 
decisions via an interaction with a NOTCH 
family plasma membrane receptor, and plays 
arole in endocytosis. Its expression was 
known to be downregulated in human breast 
cancers. Now NUMB has been found to act as 
a tumour suppressor protein by inhibiting the 
ubiquitin ligase HDM2, thereby preventing 
the destruction of the major tumour sup- 
pressor p53. In addition, low levels of NUMB 
expression in breast tumours are found to 

be associated with a poor prognosis. These 
findings connect two areas of cell biology 
previously considered unrelated, and are of 
potential relevance for the design of rational 
therapies for cancer. [Letter p.76] 


Aiming high in biofuels 

‘Higher alcohols offer advantages over 
ethanol as biofuels thanks to their higher 
energy densities and lower hygroscopicities, 
and ‘branched’ alcohols have higher octane 
numbers than their straight-chain coun- 
terparts. But these other alcohols cannot be 
synthesized economically using native micro- 
organisms. Now an Escherichia coli strain 

has been re-engineered to produce higher 
alcohols (including isobutanol, 1-butanol and 
2-phenylethanol) from glucose, a renewable 
carbon source. The strategy involves diverting 
intermediates from the amino acid biosyn- 
thetic pathway to generate the desired alcohol 
and may facilitate large-scale production of 
biofuels by microbial fermentation. [Letter p. 86] 


Old world order 


Life on Earth is believed to have evolved from 
an ‘RNA world’ where RNA molecules both 
catalysed essential chemical reactions and car- 
tied genetic information. In modern biology, 
proteins have become the enzymatic work- 
horses of the cell, while nucleic acids retain 
the informational role. Within cells, however, 
relics of the RNA world remain. One such is 
the mitochondrial tyrosyl-tRNA synthetase, 
CYT-18, from the fungus Neurospora crassa, 
which also binds a group I intron ribozyme 
and facilitates splicing. The crystal structure 
of this protein/ribozyme complex has now 
been determined. The interaction surface is 
different from that used by CYT-18 to bind 
tRNA‘ in its enzymic role. Specific changes 
are found which do not exist in non-splicing 
tRNA synthetases, suggesting ways in which 
RNA-protein complexes could have evolved 
from RNA-only enzymes. [Letter p.94] 
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Abstractions 


FIRST AUTHOR 
Astronomers believe 
thatplanets form in 
‘protoplanetary disks’ 

— swirling masses of gas, 
dust and other particles 
thatsurround newborn 
stars. Butdirect proof 

of this theory has beenlacking, and the 
timescales over which planets form, as well 
as the process by which they do so, are still 
up for debate. On page 38, Johny Setiawan 
and his colleagues at the Max Planck 
Institute for Astronomy in Heidelberg, 
Germany, reveal their discovery of a giant 
planet orbiting a star youngenough tostill be 
surrounded by a protoplanetary disk. This is 
akey piece of evidence in the endeavour to 
understand planet formation. 


Were you determined to prove that the 
protoplanetary disk is deservedly named? 
Yes. By studying planet formation we 

hope tounderstand the origin of planetary 
‘systems and put our solar system ina 
universal context, To do so, we have to 

look amongthe more than 100 young stars 
with documented circumstellar disks, in 
which we believe planets are born. Previous 
work drew attention to TW Hydrae, an 

8 million to 10 million-year-old star. There 
was speculation that variations in its disk 
structure could be dueto a planet forming. 
So we decided totake a closer look. 


‘Why has no one found this evidence before? 
Previous work focused on the quickestway 
to discover extrasolar planets — usingradial 
velocity, which measures changes in an 
object's velocity along the line of sight over 
time, Most researchers excluded young stars 
from such surveys because they are rife with 
noisy data resulting from stellar activity. 
Now that more than 270 extrasolar planets 
have been found, attention is turning to the 
physics of young starsto help us understand 
the birth of planetary systems. We used 
radial velocity to search young stars one by 
one and extracted information carefully. We 
were lucky that the planet we found is big 
enough for us to detect around a young star. 


Do your findings change our understanding 
of planet formation? 

Our work gives an observational upper limit 
for the timescale of giant planet formation. 
Statistical studies of young stars suggested 
that disk lifetime can be a few tens of 
millions of years. More recent studies put a 
typical disk lifetime at about 10 millionyears. 
Our work indicates that planet formation 
should be complete within 8 million years. 


Do youintend to search for other planet- 
forming protoplanetary disks? 

Yes. But weare also continuing to observe 
TWHydrae. A companion planet could be 
forming in the disk around it. . 


vill 


MAKING THE PAPER 


Roger Reeves 


Down's syndrome holds genetic 
clue to cancer prevention. 


Scientists have struggled for more than 50 
years to resolve the controversial claim that 
individuals with Down's syndrome are less 
likely to develop solid tumours. Although the 
idea has become accepted dogma in recent 
years, studies hoping to prove or disprove the 
theory have been less than definitive. Reports 
of research showing cancer rates in people with 
Down's syndrome to be equal to or greater than 
those in the general population appear in the 
literature just as frequently as those concluding 
that rates are lower. 

The difficulty of searching for low-fre- 
quency cancers in an already small sample 
size (only 1 in 700 people have the extra copy 
— known as ‘trisomy’ — of chromosome 21 
that leads to Down's syndrome), confounds 
epidemiological studies. “Looking for lower 
incidence of an already very rare event makes 
it difficult to obtain an adequate sample size, 
which isthe Achilles’ heel in these studies,’ says 
Roger Reeves, a geneticist at the Johns Hopkins 
University School of Medicine in Baltimore, 
Maryland. In addition, he says, some studies 
make no adjustments for the generally shorter 
lifespan seen in Down's syndrome. 

About five years ago, Reeves made what he 
calls a “leap of faith” after takinga goodlook at 
theconflicting epidemiological data He decided 
that the statistics had reached an impasse and 
opted to take a biological approach based on 
mouse models of Down’ syndrome. By study- 
ing mice with three copies of a group of mouse 
genes that correspond toa subset of genes found 
on human chromosome21, Reevesand his col- 
leagues have pin-pointed a dosage-dependent 
tumour ‘repressor gene that may hold promise 
for cancer prevention (see page 73). 

Early in the study, the team showed that a 
genetic cross between trisomic mice and mice 


carrying a gene 
associated with 
a high propor- 
tion of intestinal 
cancers reduced 
tumour forma- 
tion by almost 
half. Then, 
Reeves docioral 
student, Thomas 
Sussan,narrowed 
the search for the 
responsible genes 
byusinga mutant 
mouse with fewer triplicate genes — just 33. 

Having found that this also lowered tumour 
incidence, the team looked more closely at the 
subset of 33 genes. They found that, despite 
being known to cause cancer when mutated, 
in triplicate the transcription factor Ets2 
decreases tumour incidence. 

Ashe becamemore involved with individuals 
with Down's syndrome, Reeves uncovered much 
misinformation about their quality of life. He 
cites published studies indicating that 80-90% 
of pregnant mothers who are told they will give 
birthto a child with Down’ syndrome are likely 
to terminate the pregnancy. Yet, ‘they havelittle 
idea of what it means to have a child with Down's 
syndrome or to bea person with Down's syn- 
drome,’ says Reeves. He notes that people with 
Down's syndrome have become actors, authors 
and musicians — feats many of us only aspire to. 
And just in the past two years, he says, several 
studies have made breakthroughs in developing 
pharmacological approaches to address cogni- 
tive deficits that will allow those with Down's 
syndrome to live even fuller lives. 

Reeves sees a great irony in the fact that 
although their quality of life is often disavowed, 
it is the genomes of those with three copies of 
chromosome 21 that may ultimately yield akey 
to cancer prevention. “If trisomy 21 werentcom- 
patible with a full life, it is unlikely that a study 
such as this would have been undertaken, let 
alone funded,” he says. “Who would be foolish 
enough to randomly overexpress genes thought 
to cause cancer in order to prevent it?” . 


FROM THE BLOGOSPHERE 


For those concerned about the 
effects of conference air travel 
onthe environment, Second 
Nature, NPG'sarchipelago in 
Second Life (www.secondlife. 
com), was the virtual venue for 
aseries of talks coinciding with 
the United Nations climate- 
change conference held in 
Ballin December (see Joanna 
Scott's blog for details: http:/ 
network.nature.com/blogs/ 
uset/joannascott). 


Tara LaForce from Imperial 
College London spoke about 
whether and how we might 
capture carbon dioxide from 
powerplants, compress it, and 
store itlong-termin various 
geological structures such as 
oil reservoirs and deep saline 
aquifers. And, in another 
lecture, Euan Nisbet of Royal 
Holloway University in Surrey, 
UK, talked about the necessity 
for accurate monitoring of the 


climate, greenhouse gases and 
‘top producers’ to have any 
realistic hope of tackling global 
warming. Both of these talks, 
and their associated slides, are 
available through Scott's blog. 
Ifyou are interested in giving 
your own research talk in this 
global environment-friendly 
format, please contact Joanna 
via her blog, or find her in 
Second Life, where she is 
known as Joanna Wombat. 


Visit Nautilus for regular news relevant to Natureauthors ¢ http://blogs.nature.com/nautilus and see 
Peer-to-Peer for news for peer-reviewers and about peer review b http://blogs.nature.com/peer-to-peer. 
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ELECTROCOMPETENT STRAINS 
NOW AVAILABLE 


some things are worth the wait. 


Competent Cells from New England Biolabs (ge eea5255 St aaa Ta 


COMPLETING YOUR CLONING NEEDS 


Make the switch to competent cells from New England Biolabs to help bring 


success to your research. Our expanded line of competent cells includes a variety 


af strains for cloning and expression, as well as strains with unique properties 
(see chart). For added convenience we offer a choice of efficiencies, formats and 
customized packaging. Now you can digest, ligate and transform with reagents 
from the name you trust. 


Advantages: 
= Extremely high transformation efficiencies 

© Phage T1 resistance (fvA2) preserves clone integrity 

© Choice of protocols: high efficiency or 5 minute transformation 


= Nonspecific endonuclease activity eliminated, resulting in highest 
quality plasmid preparations 


= Express difficult or toxic proteins with T7 Express strains containing 
Jacl and/or a novel lys¥ variant 


© Obtain colonies fester than any other commercial strain with NEB Turbo. 
= SOC Outgrowth Media end pUC19 Control Plasmid included 
«= Free of animal products 
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Election fireworks 


Now is the time for the research community to catch the attention of the next president 


of the United States of America. 


very New Year is an occasion for celebration, tinged with uncer- 

tainty. This year begins with financial markets in a particularly 

uncertain state, with no banker or citizen quite certain what 
fresh crisis lurks around the corner. 

One thing we can be sure of is that all of us — from Maryland to 
Mozambique — will be hearing plenty during 2008 about an unu- 
sually open election for the next president of the United States. By 
this time next year, a new person will be set to assume that role, with 
major ramifications for scientists, as for everybody else. 

Two major science-related issues — the rules for the conduct of 
embryonic stem-cell research, and society's response toclimate change 
—are likely to feature fairly prominently in the run-up to the4 Novem- 
berelection. A host of secondary science and technology issues, such as 
agency budgets (see page 2) and whether the United States embarks on 
ambitious technology-policy initiativesin a bid tobolster itsindustrial 
competitiveness, will hinge on the election's outcome. 

‘The process by which the two main parties select their candidates 
Kicks off at the Iowa caucuses today, One interesting aspect is that 
several candidates offer approaches on these major issues that are not 
normally associated with their respective parties (see page 4). 

This diversity is particularly striking among the Republicans, where 
the race remains extraordinarily wide open. For example, Senator 
John McCain (Republican, Arizona), unlike most in his party, has 
long championed decisive action to confront climate change. Two of 
his leading rivals, Mitt Romney and Rudy Giuliani, are supportive of 


Think about it 


Reliable policy research is an underrated planning 
tool indeveloping countries. 


hours and you will have no trouble crossing the road. This is 
becauseduring peak times, a car journey that should take 20min- 
utes can take up totwo hours, as drivers crawl along in the 30°C heat. 
If Jakarta was the capital of a developed country, the authorities 
would have access to science-based advice on the policy options for 
easing the traffic from universities, state-sponsored research centres, 
industry, environmental groups and think-tanks. But in much of Africa, 
Asia, Latin America andthe Middle East, such advice is rarely available 
for areas such as transport, agriculture, health, education and energy. 
The lack of this capacity in Indonesia has recently been highlighted 
by the World Bank, which is considering a proposal to create a policy 
think-tank geared specifically to the needs of the many international 
agencies that are operating in the country. 
‘The banks entry into this sphereis welcome. A couple of decades ago, 


S= out onto any of Jakarta’s city-centre highways during office 


federal funding for human embryonic stem-cell research. The lead- 
ing candidates on the Democrat side are less diverse in their views. 
Whether that signifies a party that ishealthily united or unhealthily 
moribund is for the voters to decide. 

Election year offersa chance for scientists who aspire toa direct role 
in the political process to make their voices heard. Prompted by seven 
years of what they see as manipulation of scientific findings by the Bush 
administration, groups are trying to raise the profile of science in the 
upcoming campaign. An organization called Scientists and Engineers 
for America plans to launch a project tracking the science- and health- 
related votes of all members of Congress, plus challengers for their seats 
aswell as the presidential candidates. Meanwhile, dozens of prominent 
scientific leaders have mounted a push for a ‘Science Debate 2008; call- 
ing fora candidates’ debate on science and technology issues. 

It’s alaudable idea, and even if the prospects of such a debate are 
rather remote, the campaign can playa useful role in raising the profile 
of important issues as the election unfolds. For itis now — whilecandi- 
dates are striving to win their respective party nominations — that their 
priorities, preferences and policy teams will be forged. Many research- 
ers, of all political stripes, are deeply troubled by what they regard as 
the dysfunctional relationship between science and the outgoing Bush 
administration. There is a better chance ofa more fruitful relationship 
arising next time round if scientists get involved early with the candi- 
dates, and with the energetic, nationwide public debate that already 
characterizes this most intense and open of primaryseasons. 


such agencies seemed uninterested in helping young researchers from 
developing countries to gain badly needed skillsin policy analysis. Asa 
result, the African Centre for Technology Studies in Nairobi, forexam- 
ple, began life in the spare bedroom ofits founder, Calestous Juma. And 
Saleemul Hug, founder of the Bangladesh Centre for Advanced Studies, 
spent many sleepless night worrying about how to pay his staff. 

Today, these two centres are among the developing world’s leading 
research-policy establishments, and their histories, along with those 
of Pakistan’s Sustainable Development Policy Institute and Colombia's 
Alexander von Humboldt Institute, are described on page 8. 

‘Twolessons stand out from these stories. The first is that each insti- 
tution relied heavily on a driven, committed individual, who nurtured 
success where many would have expected failure. The secondis that, 
despite the success of these particular institutions, impartial policy 
analysis is being held back in poor countries for want of either public 
or private sector support within these nations themselves. 

Both governments and wealthy individuals in developing countries 
continue, on the whole, to regard sound policy analysisas a luxury 
that they cannotafford. They are wrong, and should join with donor 
nations and international agencies in backing the establishment of 
reliable, local organizations that can undertake it. . 
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Takinga hit:high-energy physics at Fermilab faces severe cutsin funds in the budget approved by Congress. 


Budget blow to US science 


It was an imperative that was supposed to 
transcend party politics, The America COM- 
PETES Act, put forth by congressional Repub- 
licans and Democrats and signed into law by 
President Bush in August, was meant to signal 
support for boosting basic science in the name 
of remaining competitive internationally. 

Butin a mammoth $555-billion spending bill 
passed by Congress on 19 December, funding 
for basic science took a beating. Gone are plans 
to double funding at the National Science Foun- 
dation (NSF) and the Office of Science of the 
Department of Energy (DOE). “Its dead inthis 
budget,” says Samuel Rankin, Washington DC 
office director for the American Mathematical 
Society and chair of the Coalition for National 
Science Funding, “Hopefully we can resurrect 
that feelingagain next year” 

The spending bill marks the end of the 
annual budget wrangling in Congress (see 
Nature 449, 962; 2007). Itincludes spending 
for all government departments other than 
defence, which has already been approved. The 
final numbers for fiscal year 2008 (see table) 
include what amounts to a 0.5% increase for 


TOTAL AGENCY BUDGETS 2008 (USS million) 


FY 2007 FY2008 
NIH 28,809 28,941 
NASA 16,267 707 
NSF 5,916 6,032 
NOAA 4078 3,896 
DOE Officeof 3797 3,973 
Science 


the National Institutes of Health (NTH), less 
than one-sixth of the rise that Congress had 
sought in an earlier, unsuccessful bill. Within 
the physical sciences, programmes in high- 
energy physics and fusion are hit particularly 
hard. “This is probably the worst budget for sci- 
ence that anyone can remember. says Michael 
Lubell, a spokesman at the American Physi- 
cal Society in Washington DC. “It absolutely 
devastates and probably wipes out American 
high-energy physics.” 

Democrats blame veto threats from the 
Bush administration, which forced a last- 
minute showdown over the size of spending 
on domestic programmes such as science. The 
Republican version of the story is that Con- 
gress could have kept the domestic priorities 
if it hadn't been for thousands of 
special ‘earmarked’ projects worth 
billions of additional dollars. 

One Democratic priority, energy 
research, fared relatively well; Con- =i 
gress ignored a flat presidential request and 
instead boosted research and development 
(R&D) money for renewables, energy effi- 
ciency and nuclear energy by 30%, to nearly 
$1.3 billion, according to an analysis by budget 
expert Kei Koizumi at the American Associa- 
tion for the Advancement of Science. The bill 
also boosts funding for clean coal and other 
fossil-fuel R&D activities by 13%, to $557 
million. Overall funding for nuclear-energy 
programmes increased, although the presi- 
dent's request for the Global Nuclear Energy 
Partnership, to hasten work on reprocessing 


nuclear waste, was cut by more than half, to 
$181 million. 

The DOE Office of Science took biggerhits. 
Although its total science budget grew 4.6% 
to $4 billion, most of those increases were for 
supercomputers and biological research. Con- 
gress withheld money for the energy depart- 
ments $160-million commitment to ITER, 
the international fusion reactor in France, and 
slashed funding for the International Linear 
Collider (ILC), the next-generation particle 
accelerator, from $60 million to $15 million. 

Most of the ILC money would have gone to 
Fermilab in Batavia, Illinois. The lab also saw 
its NOvA neutrino experiment programme 
eliminated. Fermilab’s director, Pier Oddone, 
told his staff to expect 200 lay-offs in the spring 

(from a 1,900-person work- 

force), along with mandatory 

unpaid leave for remaining 

employees. The lab may even 

temporarily shut down its Teva- 
tron accelerator. 

Elsewhere within the energy department, at 
the National Nuclear Security Administration, 
money was found for non-proliferation and 
verification, which saw a 43% increase to $387 
million, at the expense of designing and main- 
taining nuclear weapons. The Reliable Replace- 
ment Warhead programme, to develop anew 
generation of nuclear weapons (see Nature 442, 
18-21; 2006), was cut completely. 

The National Science Foundation saw its 
R&D funding grow 1%, to $4.5 billion — not 
the 8% rise requested by Bush. 


HAVE YOURSAY 
Comment on any of our 
news stories, online. 
www.nature.com/news 


At the National Oceanic and Atmospheric 
Administration, R&D funding rose 7.6%, 
to $573 million. At the National Institute of 
Standards and Technology, total R&D funding 
rose nearly 5% to $514 million, but within that 
the agency's main research programme drops 
0.8% from $372 million in the previous year. 

NASA saw a 5.7% increase in its overall 
R&D budget, to $12.5 billion. But much of 
that money is tied to completion of the Inter- 
national Space Station and for rockets to return 
astronauts to the Moon. Within the$5.5-billion 
science directorate, Earth sciences received 
the biggest boost — of 4.4%, to $1.5 billion 
— while planetary science suffered the most, 
with a 1.4% cut, to $1.4 billion. 

The NIH, which had been set to receive a 
3.1% boost ina budget bill vetoed by Bush in 
November (see Nature 450, 470; 2007), will 
instead get a 0.5% increase of $133 million, 
bringing its effective budget to $28.9 billion. 
‘That will make 2008 the fifth consecutive year 
of effectively flat funding for the NIH. 

The 0.5% increase drew sharp rebukes 
from advocates for biomedical research, who 
criticized Bush for forcing Congress to shave 
more than half-a-billion dollars from what it 
had allotted to the NIH in November. “That 
‘was a really big hit, says David Moore, senior 
associate vice-president at the Association of 
American Medical Colleges in Washington 
DC. “Were extremely disappointed,” adds Jon 
Retzlaff, the senior lobbyist at the Federation of 
American Societies for Experimental Biology. 

Still, some corners of the NIH will have rea- 
son to celebrate, such as the once-embattled 
National Children’s Study, which Bush had 
tried to eliminate but which ended up growing 
by $42 million, to $111 million. Open-access 
advocates also applauded a provision in the bill 
that will require NIH-funded investigators to 
submit — or have submitted for them — their 
peer-reviewed manuscripts to the National 
Library of Medicine's PubMed Central when 
they are accepted for publication. The manu- 
scripts will be made publicly available no later 
than 12 months after publication. 

Meanwhile, Speaker of the House Nancy 
Pelosi (Democrat, California) sent out a let- 
ter to the research community, saying that 
“her commitment to the innovation agenda 
remains strong and steadfast’. And advocates 
of the physical sciences vowed to keep fighting. 
Charles Vest, president of the National Acad- 
emy of Engineering, says that other countries 
are proceeding apace with research invest- 
ments. “If we keep doing business as usual,” he 
says, “we're going to getourluncheaten? 
Eric Hand, with additional reporting by 
Meredith Wadman and Jeff Tollefson 
See Editorial, page. 


Airgun ban halts seismic tests 


Geologists hoping to study 
Earth's crust off the coast of 
British Columbia have reached 
an impasse with the Canadian 
government, delaying their 
long-planned research 
projects, Canada has not 
issued permits for geological 
work using airguns — which 
fire bursts of air into the ocean 
—onthe basis thatit may 
disturb marine life, including 
whales. The dispute is so 
intense that onelong-planned 
US$2.5-million project is 
“dead inthe water”. A second 
study, meant to facilitatea 
Can$100-million (US$99- 
milion) Canadian seafloor 
observatory system, has been 
delayed at least three months, 
if not indefinitely. 

The researchers are 
exasperated, arguing that they 
have done “everything right” 
to comply with environmental 
protection laws. They say 
that Canadian agencies have 
capitulated to environmental 
organizations. 

Canadahasa moratorium on 
oiland gas development, which 
also involves airgunsto locate 
reserves, along its western 
coastal waters. Fears thata 
scientific airgun cruise could 
open the waters to oil andgas 
exploration sunk the research 
projects’ chances, says Lincoln 
Hollister, a geoscientist at 
Princeton University in New 
Jersey. Hollister has spent 
more than four yearstrying 
towin Canadian approval 
touseairgunsto map the 
crust beneaththe mountains 
and coastal fjords of Queen 
Charlotte Sound in northern 
British Columbia, 

In 1994, heled a similar 
cruise without causing 
any environmental harm, 
he says. The team has 
footage of a humpback whale 
basking undisturbed in the 
distant background while 
airguns were fired. 

Anecdotesaside, there is 


no definitive data yet available 
onthe effects suchseismic 
tests have on marine animals. 
Results froma US study on 
this conducted in summer 
2007 have yet to be published. 

In March, the Natural 
Sciences and Engineering 
Research Council of Canada 
(NSERC) killed plans to provide 
Can$300,000 for the Canadian 
members of Hollister'steam. 
NSERC environmental officer 
Diane Fraser in Ottawa 
says that thiswas done on 
advice from scientists at the 
Department of Fisheries and 
Ocean (DFO). "There were 
not enough scientificdata to 
beable to determine oneway 
oranother if airguns would be 
harmful,” says Fraser. 

Since that rejection, Hollister 
sayshehas attempted 
repeatedly tolearnfrom the 
DFO and NSERC what could 
done toremedy the situation, 
but no oneresponds. Adam 
Silverstein, an environmental- 
assessment manager at the 
DFO in Vancouver, denies 
knowledge of such requests. 
Hollister counters that 
Silverstein was repeatedly 
copied in on e-mail. “It is widely 
recognized that everything was 
done right to get the permits,” 
Hollister claims. 

Margot Venton, a legal 
consultant for environmental 
group Ecojustice in Vancouver, 
acknowledges that the 
potential for oil andgas 
exploration was aconcern, and 


says that as Canadian agencies 
failed to show the acoustic 
study would not cause harmto 
animals, it shouldn't proceed. 

Atthe US National Science 
Foundation (NSF), which 
funds the US component of 
Hollister's study, there is 
dismay, notes William Lang, 
who securesenvironmental 
permits for NSF-funded 
scientists in foreign waters. 
“The very high-value proposal 
didn’t get a fair hearingin the 
public forum,” he says. 

The airgun issue is also 
thwarting plans for the Marcus 
Langseth, a US$20-million 
research vessel operated by 
the Lamont-Doherty Earth 
Observatory at Columbia 
University in New York City. 
The ship wasintended to 
bein Canadian waters next 
July to measure seismic 
velocities in preparation for the 
installation of Neptune Canada 
—a seafloor observatory —in 
the summer of 2009, says 
Douglas Toomey, a geologist 
at the University of Oregon in 
Eugene. But the US$2-million 
cruise has now been delayed 
until atleast October. 

ALamont-Doherty 
spokesman says that US 
state departmentofficials 
are seeking “reasonable 
assurance” that the Toomey 
project will secure a permit 


before an expensive Canadian 
application process is 
initiated. tl] 
Rex Dalton 
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Concems about whales have blocked use of airguns in Canada. 


IOWA 
AND 
AFTER 


After months of manoeuvre 
and preliminary debate, on 
3 January the lowa caucuses 
mark the start of the formal 
process by which the US 
political parties willchoose 
their presidential candidates. 
Ahost of issues areonthe 
table, and science isnot high 
onthe list. Nevertheless some 
scientific issues are cropping 
up out on the campaign trail. 
Stem cells, although still 
an issue, seemto have taken 
a back seat, even though the 
new president would beina 
position to repeal President 
George W. Bush's 2001 
restrictions on federal funding 
for research on embryonic 
stem-cell lines. Climate 
and energy receive a lot of 
attention, with candidates 
happy to talk of emissions 
reductions that would bite 
far after their terms have 
ended, and with some who 
have previously opposed 
corn-ethanol subsidies 
changing their minds when 
looking for votes amongthe 
lowa cornfields. Spending on 
the physical sciences, other 
than energy, comes up rarely 
— although Senator Barack 
Obama's proposal to take 
funds from NASA's planned 
shuttle replacement has 
ruffled some feathers. 
Nature's Eric Hand 
takesa look at the leading 
candidates’ stances on some 
science-related issues. 


See Editorial, page. 
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NOTABLE QUOTE 


Calls for reducing 
emissions by 80% 
from1990 levels 

by 2050 viaacap- 
and-trade system. 
Does not support a 
carbontax butargues 
for standards on 
efficiency, mileage, 
and renewable energy 
tomeet that goal. Says 
she is “agnostic” about 
nuclear power. 


Supports federal 
funding for embryonic 
stem-cell research. 
Proposed increasing 
National Institutes of 
Health budget by 50% 
over five years, and 
doubling it overten 
years. 


Supports human 
exploration of space, 
including completing 
the International 
Space Station and 
replacing thespace 
shuttle with a new 
generation of launch 
vehicles, 


“My 5th grade teacher 
Mrs Kraus came into 
our classroom and said 
wwe hadto study math 
and science because 
the President aid so, 
Iwas convinced that 
President Eisenhower 
had called up Mrs 
Kraus and told her, 
“You tell those children 
—and particularly that 
Hillary, who doesn't 
really like math — that 
her country needs 
her.” 


Calls for reducing 
‘emissions by 80% 
from1990 levels 

by 2050 viaacap- 
and-trade system, 
Wants to invest $150 
billion over 10 years 
inalternative energy 
sources. Supports 
coal liquefaction, but 
onlyifit emits 20% 
less carbonthan 
conventional fuels. 


Supports federal 
funding for embryonic 
stem-cell research. 


‘Would delay NASA's 
Constellation 
programmeto build 
new rockets and crew 
vehicles forfiveyears, 
instead putting that 
money towardan $18- 
billion education plan, 


“We'te not going to 
have the engineers 
andscientiststo 
continue space 
exploration if we don't 
have kids who are 
able toread, writeand 
compute.” 


Calls for reducing 
‘emissions by 80% 
from1990 levels by 
2050vviaacap-and- 
trade system. Wants 
to push fora climate 
change treaty that 
has binding elements, 
for all countries, 
including those inthe 
developing world 
Opposes nuclear 
power — says it'stoo 
costlyto build new 
plants and too unsafe 
to dispose of waste, 


Supports federal 
funding for embryonic 
stem-cell research. 


Supports human 
exploration of space, 
and says other 
‘countries should also 
be involved. 


“Colleges arethe 
places where we 
ensure that America 
is competitive. Yet 
we've taken away 
funding forthe NIH 
and our research 
universities. That's 
justa mistake.” 
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Callsfor reducing Calls for reducing 
emissionsby90% emissions by80% 
from1990 levels from1990 levels 
by2050viaacap- by 2050. Wants 
and-tradesystem. every US car sold to 
Proposesincreasing be equipped with 
mileage standardsto _flex-fuel technology, 
50 milespper gallon _and half ofall major 
by 2020, andsetting _gasstations to offer 
arenewable-energy biofuels by 2017. 
target of 50%by Supports ethanol 
2040. from cornas a 
transitional solution 
for energy woes, 
but saysitis not 
sustainable inthe 
longterm and pushes 
for cellulosic sources. 


Supportsfederal Supports federal 
funding for funding for 
embryonicstem-cell embryonicstem-cell 
research. Proposed research, 
astete-funded 

‘embryonicstem- 

cell esearch centre 

atthe University 


of New Mexico in 
Albuquerque. 


Sees space asa Wants to make China 
“bonafideareaof a full partner in space 
economic growthand exploration rather 
opportunity”. Pushed thana “frustrated 
for asalestax to new entrant” that has 
support the building tocatch up withthe 
ofaspaceportinNew United States. 
Mexico. 


“Imyselfhavebeen _“Fortoolong we 
toldthat thavea have abdicated 
lotofenergy. The _the responsi 


secret isthat luse _toreduce our own 
renewableresources, emissions.” 

Some days I'm solar 
powered, Some days 
I'mwind powered. 
‘And some days my 
critics just think I'm 
full of compressed 
air.” 


DENNIS 
KUCINICH 
(DEMOCRAT) 
REPRESENTATIVE 
FROMOHIO 


Calls forreducing 
emissions by 

80% from 1990 
levels by 2050, 
potentially viaa 
carbon tax. Proposes 
aWorks Green 
Administration 

that would retrofit 
buildings with wind 
and solar power. 
Wants to halt.all 
mining and logging 
‘onpublicland. 


Supports federal 
fundingfor 
embrycnicstem-cell 
research. “There are 
‘so many different 
things that stem-cell 
research an teach 


us! 


Wants NASAto 
focus “more on 
earthlyprojects” 
suchas producing 
green energy. Says 
innovations will 
“eventually” be 
turned into space 
‘exploration. 


On reports that he 
had seen aUFO: 
“More peoplein this 
country have seen 
UFOs than I think 
approve of George 
Bush's presidency." 


RUDY GIULIANI 
(REPUBLICAN) 
FORMER MAYOR 
OF NEW YORK CITY 


Supports expanding, 
huclear power and 
ethanol subsidies. 
Does not support 
increasing mileage 
standards or 
mandatory caps on 
emissions. 


Supports federal 
funding for 
embryonic stem- 
cell research from 
surplus embryos 
from fertilization 
clinics: “As long as 
we're not creating 
life in order to 
destroy it, slong 
aswe'renot having 
human cloning, and 
we limititto that 
there's plenty of 
‘opportunity tothen 
use federal funds 
inthosesituations 
where you have 
limitations,” 


Says he will continue 
toaggressively 
supportspace 
exploration. in 
response to achild’s 
question, saidhe 
‘would be prepared 
todefend against an 
alien attack. 


“Nuclear power is 
dangerous. Sois 
every form of power. 
Butno one's died 
from nuclear power 
inthe United States. 
So our commitment 
here is to expand it, 
make sure it's safe.” 


MITT ROMNEY 
(REPUBLICAN) 
FORMER 
GOVERNOR OF 
MASSACHUSETTS. 


In 2004 launched 
aplanto address 
global warming, 
though at thetime 
he questioned if 
itwas happening. 
Puled out ofa New 
England emission plan 
implemented by his 
successor). Favours 
tariffprotectionfor 
the corn-ethanol 
industry. “We 

should not exchange 
dependence onoil 
from other countries 
fordependenceon 
sugar cane from 
Brazil” 


Calls fora banon 
Creating embryos for 
research purposes, 
butdoes not oppose 
the use of surplus 
embryosfrom in vitro 
fertilization clinics. 
Does not support 
federal fundingfor 
the research. 


Supportsthe space 
programme as away 
todrive investment 
intechnology and 
innovation. Says he 
hasno reason to 
change Bush's plan 
for NASA. 


“I believe that 

God designed the 
Universe and created 
the Universe. | 
believe he used the 
process of evolution 
tocreatethe human 
body.” 


MIKE 
HUCKABEE 
(REPUBLICAN) 
FORMER 
GOVERNOR OF 
ARKANSAS 


Supports expanding 
nuclear powerand 
raising mileage 
standards. “It'sa 
sinagainst future 
generations forme 
toactas ifthere are 
no future generations 
that should enjoythe 
world as| do.” 


Opposes federal 
funding of embryonic 
stem-cell research, 
and points to work 
‘onadultstem cells 
instead, 


Broadly supports 
space exploration 
asatrigger for 
technology 
development. “Now 
whether we need to 
send somebody to 
Mars, I don’t know. 
But/'lltell you what: 
Hfwe do, Ive gota 
few suggestions, and 
maybe Hillary could 
beon the first rocket 
to Mars.” 


“Ifyouwantto 
believe that you and 
your family came 
fromapes,Illaccept 
thet." 


JOHN MCCAIN 
(REPUBLICAN) 
SENATOR FROM 
ARIZONA 


Has been a leader in 
the Senateon global- 
warminglegislation, 
Introduced a bill with 
Joseph Lieberman 
(Ind, Connecticut) 
tocutemissions by 
roughly 60% from 
1990 levels by 2050, 
Does not support 
acarbontax. Once 
criticized ethanol as 
an alternative fuel, 
butnow supports it, 
citing the rising cost 
ofoil, 


Supportsembryonic 
stem-cell research. 
“Ibelieve that we 
need to fund this. 
Thisis a tough issue 
forthose of usin the 
pro-life community. 
I would remind you 
that these stem cells 
areeither going 

tobe discarded or 
perpetually frozen. 
We need to do what. 
wecantorelieve 
human suffer 


Showed some 


announcement, but 
now callsit“not only 
visionary, but doable” 


Onthe push for 
global-warming 

legs! Inaction 
could be disastrous," 


FRED THOMPSON 
(REPUBLICAN) 
TELEVISION ACTOR 
AND FORMER 
SENATOR FROM 
TENNESSEE 


Says there is no 
scientific consensus 
about the cause of 
‘global warming, but 
that it makes sense. 
totake “reasonable 
steps" toreduce 
emissions without 
harmingthe economy. 
Voted againstethandl 
subsidies but now says, 
hesupports them. 
Voted against raising 
mileage standards and 
for drilling inthe Arctic 
National Wildlife 
Refuge. 


Opposes stem-cell 
research that requires 
the destruction of 
human embryos. 

Says that embryonic 
research hasn't had 
breakthrough, and 
cites a disputed list of 
73'breakthroughs' that 
use adultstemcells. 


Hassaidlittle except... 


w= "[Reports of rising 
temperatures on other 
planets have] led some 
people, not necessarily 
‘scientists, to wonder 

if Mars and Jupiter, 
non-signatories to 

the Kyoto Treaty, are 
actually inhabited 
byalien SUV-driving 
industrialists who run 
theirair conditioningat 
60 degrees and refuse 
torecycle." 


RON PAUL 
(REPUBLICAN) 
REPRESENTATIVE 
FROM TEXAS. 


On global warming: 
says there are 
“reputable scientists 
on both sidesof that 
argument”. Opposes 
major government 
regulations to control 
emissions. Does not 
support acarbontax, 
which he calls "simply 
‘an acknowledgement 
that you can pollute 
with government. 
permission”, Supports 
expanding nuclear 
‘energy. Opposes 
tariffs on ethanol from 
corn, 


Says individual states 
and citizens should 
decide whether to 
permit, ban or fund 
‘embryonic stem-cell 
research. "I strongly 
object to forcing 
those Americans who 
believeembryonic 
stem-cell research is 
immoral to subsidize 
such research with 
their tax dollars.” 


Says heis “absolutely 
‘committed tohuman 
space exploration” 


“Neither partyin 
Washington can 
fathom that millions 
and millions of 
Americans simply 
don'twant their tax 
dollars spenton 
government research 
of any kind.” 


Information gathered from questionnaires sent to candidates’ campaigns, from their published platforms and from media reports. Images from: K. Lamarque/ 
Reuters; . Wenig/AP; C. East/Reuters: A. Wong/Getty:E Mille/Getty-K.Blele/AFP/Getty;R. Matay/AP: J,Rinaldi/Reutes; Y.Poskova /Getty; E Dunard/ 
‘AFP/Getty; B. Pugliana/Getty; M. Carlson/AP; J. Sohm/Visions of America/Corbis; M. Stojkovk:/SPL; Royalty-Fres/Corbis; Lockheed Martin Corp. 
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Free journal-ranking tool 
enters citation market 


Anew Internet database lets users generate on- 
the-fly citation statistics of published research 
papers for free. The tool also calculates papers’ 
impact factors using a new algorithm similar to 
PageRank, the algorithm Google uses to rank 
web pages. The open-access database is col- 
laborating with Elsevier, the giant Amsterdam- 
based science publisher, and its underlying data 
come from Scopus, a subscription abstracts 
database created by Elsevier in 2004. 

The SCImago Journal & Country Rank data- 
base was launched in December by SCImago, 
a data-mining and visualization group at the 
universities of Granada, Extremadura, Car- 
los I and Alcalé de Henares, all in Spain. It 
ranks journals and countries using such cita- 
tion metrics as the popular, if controversial, 
Hirsch Index. It also includes a new metric; the 
$CImago Journal Rank (SJR). 

The familiar impact factor created by 
industry leader Thomson Scientific, based in 
Philadelphia, Pennsylvania, is calculated as 
the average number of citations by the papers 
that each journal contains. The SJR also analy- 
ses the citation links between journals in a 
series of iterative cycles, in the same way as the 
Google PageRank algorithm. This means not 
all citationsare considered equal; those coming 
from journals with higher SJRs are given more 
weight. The main difference between SJRand 
Google's PageRank is that SJR uses a citation 
window ofthree years. 

It will take time to assess the SJR properly, 
experts say, Itis difficult to compare the results 
of SJR journal analyses directly with those 
based on impact factors, because the databases 


Thomson Scientific Impact Factor (IF) TOP TEN 


P 
z 


Journal 


Ca-A Cancer Journal for Clinicians 
‘New England Journal of Medicine 
‘Annual Review of Immunology 
Annual Review of Biochemistry 
Reviews of Modern Physics 

Nature Reviews Cancer 

Physiological Reviews 

Nature Reviews Molecular Cel Biology 
Science 

Cell 
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each is based on are different. Thomson's Web 
of Science abstracts database covers around 
9,000 journals and Scopus more than 15,000, 
and in the years covered by the SClmago 
database — 1996 to 2007 — Scopus contains 
20-45% more records, says Félix de Moya 
Anegon, a researcher at the SCImago group. 

The top journals in SJR rankings by disci- 
pline are often broadly similar to those gener- 
ated by impact factors, but there are also large 
differences in position (see table). Immunity 
(SJR of 9.34) scores higher than The Lancet 
(1.65), for example, but The Lancet’s 2006 
impact factor of 25.8 is higher than the 18.31 
of Immunity. Such differences can be under- 
stood in terms of popularity versus prestige, 
says de Moya Anegén — popular journals cited 
frequently by journals of low prestige have high 
impact factors and low SJRs, whereas journals 
that are prestigious may be cited less but by 
more prestigious journals, giving them high 
‘SJRs but lower impact factors. 


Thomson under fire 
The new rankings are welcomed by Carl 
Bergstrom ofthe University of Washington in 
Seattle, who works on asimilar citation index, 
the Eigenfactor, using Thomson data. “It’s yet 
one more confirmation of the importance 
and timeliness of a new generation of journal 
ranking systems to take us beyond the impact 
factor,’ says Bergstrom, “and another vote in 
favour of the basic idea of ranking journals 
using the sorts of Kigenvector centrality meth- 
ods that Google's PageRank uses.” 

Thomson has enjoyed a monopoly on 


citation numbers for years — its subscrip- 
tion products include the Web of Science, the 
Journal Citation Report and Essential Science 
Indicators. “Given the dominance of Thomson 
in this field it is very welcome to have jour- 
nal indicators based on an alternative source, 
Scopus,’ says Anne-Wil Harzing of the Univer- 
sity of Melbourne in Australia, who is develop- 
ing citation metrics based on Google Scholar. 

Jim Pringle, vice-president for development 
at Thomson, says metrics similar to PageRank, 
such as SJR and Eigenfactor, have proven their 
utility on the web, but their use for evaluating 
science is less well understood. “Both employ 
complex algorithms to create relative measures 
and may seem opaque to the user and difficult 
to interpret,” hesays. 

Thomson is also under fire from researchers 
who want greater transparency over how citation 
metrics are calculated and the data sets used. In 
ahard-hitting editorial published in Journal of 
Cell Biology in December, Mike Rossner, head of 
Rockefeller University Press, and colleagues say 
their analyses of databases supplied by Thomson 
yielded different values for metrics from those 
published by the company (M. Rossner et al. 
J. Cell Biol. 179, 1091-1092; 2007). 

Moreover, Thomson, they claim, was unable 
to supply data to support its published impact 
factors. “Just as scientists would not accept the 
findings ina scientific paper without seeing the 
primary data,’ states the editorial, “so should 
they not rely on Thomson Scientific’s impact 
factor, which is based on hidden data.” 

Citation metrics produced by both academ- 
ics and companies are often challenged, says 
Pringle. The editorial, heclaims, “misunder- 
stands much, and misstates several matters’, 
including the authors’ exchanges with Thom- 
son on the affair. On 1 January, the company 
launched a web forum to formally respond to 
the editorial (see http://scientific.thomson. 
com/citationimpactforum). . 
Declan Butler 


SClmago Journal Rank (SJR) TOP TEN 


F SIR Rank Journal SRF 

63 73 41 Annual Review of Immunology 2A 472 
513 37 2 Annual Review of Biochemistry 161 365 
472 2h 3 Call 52 © 29.2 
365 161 4 Annual Review of Cell and Developmental Biclogy 142 266 
33.5 27 5 Nature Immunology 25 276 
31692 6 Nature Reviews Moleculor Cell Biology R2 314 
34° (79 7 Nature Reviews immunology i287 
314 122 8 Immunity 93 18.3 
300 53 9 Nature Reviews Cancer 92 316 
292 15.2 10 Nature Genetics 91 242 
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Debate heats up over food 
from cloned animals 


The stakes were raised last month in the 
battle to determine whether food from 
cloned animals and their progeny should be 
allowed on the shelves of US grocery stores. 

In December, Congress urged the Food 
and Drug Administration (FDA) to keepin 
place a request that companies voluntarily 
refrain from selling such foods. Italso said 
that the US Department of Agriculture 
should study the economic implications 
of allowing meat and milk from cloned 
animals into the food supply, 

The FDA had been expected to finalize in 
2008 a preliminary assessment it made just 
over a year ago, which concluded that foods 
from cloned animals and their progeny 
are not different from products from 
conventional animals and could probably 
be sold without special labelling. 

On 19 December, the two leading US 
animal-coning companies (ViaGen in 
Austin, Texas, and TransOva Genetics in 
Sioux Center; Iowa), announced a radio- 
tracking programme that will use ear tags to 
follow cloned animals from birth to death. 
The firms said thatthe voluntary programme 
will come into effect as soon as the FDA 
allows food from cloneson the market. 


Sociologist to head 
Turkey's university board 


Turkey’s president, Abdullah Giil, late last 
month appointed a little-known sociologist 
as president of the country’s powerful 
higher-education board, YOK. 

Yusuf Ziya Ozcan is considered a moderate 
inacountry where tensions between 
secularists and Islamists, particularly 
at universities, have been increasing. 

His research has included studies on the 


‘The much-debated headscarf ban at Turkish 
universities may soon be overturned. 


role of Islam in society. But his surprise 
appointment — he has little experience of 
university administration — has not pleased 
everyone. YOK’s deputy head, engineer 
Aybar Ertepinar, immediately resigned. 
Ozcan, from the Middle East Technical 
Universityin Ankara, says he wants to lift‘all 
bans’ in universities, implicitly referring to 
the highly politicized ban on headscarves. He 
adds that he wants all universities to become 
autonomous institutions and to “attach a 
greater importance to being scientific’. 


California petition to limit 
vehicle emissions rejected 


Arguing that global warming merits a 
national solution and not “a confusing 
patchwork of state rules” the US 
Environmental Protection Agency (EPA) 
last month rejected a request by California 
to impose state limits on greenhouse-gas 
emissions from motor vehicles. 

The California regulations would have 
imposed a reduction of 30% in greenhouse- 
gas emissions in vehicle exhausts by 2016. 
Seventeen other states were expected to 
adopt the standards, which would then 
have covered around 45% ofannual car 


Illinois picked as site for carbon-capture plant 


Mattoon, IIlinois, is 
poised to host the first 
commercial-scale 
coal-gasification power 
plant tocapture carbon 
dioxideand pump it 
underground rather than 
into theatmosphere. 
The site sits abovea 
sandstone formation 
suitable for sequestering 
carbon dioxide. 


The project, called FutureGen (pictured), is supposed to be ashowcase for the US Department 
of Energy, which has promoted technological innovation asa solution to global warming. The 


department will cover three-quarters of the project's cost, nowestimated at $1.8 billion. The rest 
will come from an alliance of more than a dozen energy companies based in the United States and 
abroad. Mattoon beat competition fromanother site in Illinois, and two in Texas. Final approval 
must still come from theenergy department. 


NEWS IN BRIEF 


sales, advocates of the proposal say. 

The EPA decision followed federal 
legislation on 19 December requiring 
motor-vehicle manufacturers to increase 
fuel efficiency by 40%, to 35 miles per 
gallon, by 2020. 

Calling the EPA decision “completely 
absurd”, California attorney-general 
Edmund Brown promised to challenge it 
in the courts. 


REUTERS 


Disgraced cloner seeks 
licence in comeback bid 


Korean researcher Woo Suk Hwang, whose 
2006 work on human embryonicstem cells 
tured out to be fabricated, is trying to 
make acomeback, 

Hwang has applied for a new licence to 
work with human embryonic stem cells, to 
replace his revoked one. The Korean science 
ministry is expected to make a decision on 
the application by April. 

His name has also appeared on at least 
three papers resulting from work done after 
he was fired from Seoul National University. 
The privately funded group works at the 
SooAm Biotech Research Foundation on the 
outskirts of Seoul. The articles all discuss 
improvements in pig cloning from new 
methods of cultivating porcine eggs (Y. W. 
Jeong et al. Anim. Reprod. Sci. doi:10.1016/ 
j.anireprosci.2007.03.021, 2007; E. Lee et al. 
Reproduction 134, 405-414, 2007 and S. L. 
McElroy et al. Theriogenology doi:10.1016/ 
j.theriogenology.2007.10.010, 2007). 

Hwang is still on trial on charges of fraud, 
embezzlement and violation of Korean 
bicethics laws. 


Physicist takes the helm of 
Italy's research council 


Theoretical physicist Luciano Maianihas 
been nominated president of Italy’s national 
research council, the CNR. 

Maiani headed Italy’s national institute 
for nuclear physics from 1993 before taking 
over at CERN, Europe’ particle-physics lab 
near Geneva, in 1997. But the CNR, which 
runs 100 or so institutes across the country, 
may be the toughest challenge so far. 

The council has been subject toa stream 
of ineffectual reforms for the past decade or 
more, demoralizing the staffand making 
long-term planning difficult. Maiani, who 
will take up office in spring, says that his 
priorities will be to restore the confidence of 
the scientificstaffand get the production of 
science rolling again. 

Maiani was selected by an independent 
search committee — a new procedure 
introduced last year by research minister 
Fabio Mussi to break with the notorious 
political spoils system. 


t began with Rio. At the 1992 United 
Nations Earth Summit in Rio de Janeiro 
in Brazil, 171 countries came together to 
hammer out global rules to slow down cli- 
mate change and halt the loss of biodiversity. 
Then, as now, international meetings on 
environmental issues see developed coun- 
tries pitched against developing ones. At such 
meetings it is all too easy for jaded commen- 
tators, and even participants, to conclude that 
little of consequence would result. Yet they 
can inspire individuals to take actions that 
have a lasting effect. 

“Rio wasa real turning point,’ says Saleemul 
Hug, plant biologist and founder of the Bang- 
ladesh Centre for Advanced Studies in Dhaka, 
and now head of the climate change group at 
the International Institute for Environment 
and Development in London. “The Rio meet- 
ing acted as a wake-up call to developing coun- 
tries that we needed to raise our game.” 

During the heady days leading up to Rio, sci- 
entists and government officials from develop- 
ing countries witnessed first-hand the power 
of scientific research in helping to inform and 
change policies. They saw, for example, howthe 
talks on climate change needed consensus, not 
just from politicians, but also from scientists. 
And they discovered that delegates from richer 
countries had access to environmentalexpertise 
from government, industry and academia. 

Hug recalls that before Rio, environmen- 
tal problems were viewed as a direct result of 
pollution. And because Bangladesh had little 
industrial pollution in those days, he was told 
by politicians and policymakers: “Why the 
need for environmental policy research?” That 
started to change, he says, with the floods of 
1987-88 when they learned thatnatural causes 
alone had not caused the flooding. This led to 
a big debate about possible causes, including 
deforestation, and ultimately the human activi- 
ties discussed at Rio. 

Rio was also a turning point for biologist 
Cristian Samper, founder of the Alexander 
yon Humboldt Biological Resources Research 
Institute in Bogota, Colombia. “Rio is why we 
decided to establish a new national institute 
as a joint venture between the government, 
universities, non-governmental groups and 
the private sector,’ he explains. The Humboldt 
institute was set up in 1995 to foster scientific 
research in support of environmental policy. 
Today, these and other institutes owe their 


existence to fiercely driven individuals — each 
fired-up witha desire to harness the best avail- 
able knowledge to solve their countries’ envi- 
ronment and development problems. The 
success stories include Huq’s centre in Dhaka, 
Samper’ institute in Bogoté, the African Cen- 
tre for Technology Studies (ACTS) in Nairobi, 
Kenya, and the Sustainable Development Pol- 
icy Institute (SDPI) in Islamabad, Pakistan. 

‘The founders of these four institutions were 
all young — from 29 to 43 years in age. But they 
weren't idealistic hotheads unprepared for the 
realities of building independent science-policy 
institutions in Africa, Asia and Latin America. 
They had all received postgraduate edu- 
cation in the United Kingdom or 
the United States. They were also 
well-connected at home and 
abroad, and had good access to 
funding. 

They also needed resilience 
in the face of scepticism from 
international donors, from 
bureaucrats unable to see how 
good science could make for bet- 
ter policy and from scientific peers 
who were fearful of politics (especially 
those living in dictatorial regimes). Two dec- 
ades later, their institutes are still in business 
— although, in every case, the founders have 
moved on to high-status positions elsewhere. As 
amodel of sustainable development the attend- 
eesat Rio could hardly have wished for more. 


Launch fund 

‘The Rio meeting was also a major event in the 
life of Kenyan-born Calestous Juma, nowa pro- 
fessor at Harvard University’s John F. Kennedy 
School of Government in Cambridge. Back 
then, he was working as an adviser to the team 
drafting the text for the United Nations conven- 
tion on biodiversity. He saw first-hand the inter- 
play of science and politics as nations argued, 
horse-traded and made compromises to agree 
a final text in Rio. The experience reinforced his 
wish for Africa to join other countries in mak- 
ing policies on the basis of evidence. 

After gaining a PhD in science policy at the 
University of Sussex, UK, Juma had retumed to 
Kenya in 1987, when thecountry was under the 
one-party rule of President Daniel Arap Moi. 
“The original idea was to work with existing 
centres,’ Juma recalls, “but this turned out to 
be too difficult” He was forced to create a new 


"The Rio 
meeting acted 
asa wake-up call 
to developing 
countries.” — 
Saleemul Hug 


institution to enable true cross-disciplinary 
policy research. 

Today, that institution — ACTS — is one 
of Africa's leading research institutions and 
a source of independent advice to govern- 
ments and international institutions on 
biotechnology and agriculture. But 20 years 
ago, scepticism among international donors 
meant that the centre began life in its founder's 
spare bedroom, 

The launch funds came from the remain- 
der of Juma’s PhD scholarship, a US$2,500 
donation from the Mennonite community 
of Nairobiand a $50,000 grant from the Ford 

Foundation. “The Mennonites were my 
first real sponsors,’ says Juma. “They 
havea reputation for being against 
the modern world, but what 

they oppose is consumption 

and they value innovation and 
creativity” Reasons enough, it 
seems, to support ACTS. 

“Almost everyone else said 
that the idea would not fly,” he 
recalls. Iwas told that policymak- 
ers dont read anything, so there was 

no reason to write for them. I was also 
told that there was no precedent for what Iwas 
doing in Kenya and that the political atmos- 
phere at the time wastoo hostile — that I could 
go to prison, even” 

His disappointment at the hands of interna- 
tional agencies was shared by other founders. In 
Bangladesh, Hug says that the agencies would 
have been more receptive if they had said: ‘We 
want to provide running water in rural villages? 
“They were less interested in helping develop- 
ing countries tothink for themselves, explains 
Hug. The prevailing practice at the time was 
that donors would hire expensive consultants 
to set the research framework. “Our job as 
scientists in developing countries would have 
been to implement their vision” he says. 

Hug was fortunate in that one of his earli- 
est supporters was his PhD supervisor, the 
ecologist Gordon Conway, now chief scien- 
tific adviser at Britain's Department for Inter- 
national Development. With Conway behind 
the idea, Hug was able to secure the backing of 
the Ford Foundation, 

Today, the Bangladesh centre is one of 
Asia’s leading environmental policy think- 
tanks, advising governments and corpora- 
tions on sustainable development, but Huq 


The road trom Rio 


Are think-tanks staffed by scientists a luxury that only rich nations can afford? Ehsan Masood meets 
the founders of four institutes that set out to help poorer nations to think for themselves. 
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says that he will never forget the uncertainty 
of those early days. “We had 40 or 50 families 
who depended on us. Sometimes I would sit 
in the office late into the night figuring out 
how people would be paid” 

Former US economics professor, Tariq 
Banuri, found it easier to attract the atten- 
tion of foreign donors. As founding director 
of Pakistan's Sustainable Development Policy 
Institute (SDPI), he says, “The vision was to 
createa trans-disciplinary research institution 
that was close to policy. In the late 1980s, such 
an institution would have been rare even in 
the developed West.” But he was able to secure 
the backing of the governments of Canada, 
Norway and Switzerland, in part because the 
1992 launch coincided with Pakistani thinking 
onan environment action plan. This helped 
to reassure donors that the SDPI would have 
some support from the state and was less of a 
freelance operation. 

Banuri also had thebacking of Aban Kabraji, 
a Pakistani conservationist who is a senior 
executive with the World Conservation Union 
(TUCN) and a well-respected figure. “We did 
havea funding shortfall fora six-month period, 
during which many of us worked unpaid, but 
that was not to be repeated,’ Banuri recalls. 


Academic freedom 

But friends in high places cannot alter one 
reality on the ground: a shallow pool of 
research talent in developing nations. Policy 
institutions need researchers who have an 
unusual blend of skills: in-depth knowledge of 
one or more scientific disciplines, along with 
knowledge or experience of how this applies 
in the policy arena. 

Developed countries have many opportuni- 
ties for academics to hone such skills. But in 
the developing world, public universities have 
less experience of working with governments, 
of collaborating across disciplines or of work- 
ing with other non-academic institutions. It 


CRISTIAN SAMPER 


CALESTOUS JUMA 


Founder, African Centre for 
Technology Studies 


Born; Port Victoria, Kenya, 1953 

PhD: University of Sussex, UK (Science policy), 
1987 

Centre founded: Kenya, 1988 

Current ob: Professor of international 
development at Harvard University 


What was the best advice you were given? 
Iwent to see Maurice Strong (founding 
Executive Director of the United Nations 
Environment Programme) and told him that 
Iwanted to start small and scale-up later. He 
told me that things that start small always 
stay that way. "Don't be afraid of having a 
big vision,” he said. 


Wouldyou do itall again? 

lam in the process of creating a college 
inmy home-town of Lake Victoria. The idea 
isto use the best available knowledge to 
create sustainable-development solutions 
for thearea’s people and ecology. lam 

too oldto run it, but will act as a mentor to 
whoever takes it on. 


Founder, Alexander von Humboldt Institute 


Born: San José, Costa Rica, 1965 

PhD: Harvard University (Biology), 1992 
Institute founded: Bogotd, Colombia, 
1995 

Current job: Acting Secretary, 
Smithsonian Institution 


What was the hardest part? 
Overcoming the apprehensions. = 
of universities. Some felt “i 
that there wasno need 
for another research 
institution. Wehad to 
explain this was not 


designed to duplicate \ 
work, but serve as a { 
boundary institution 
between science and 
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policy. The solution was to establish 

the institute as an umbrella 
organization and invite the 
universities to become members. 


What isthe worst mistake a 
founder can make? 


long and neverlet go. The real 
\\. test of a founder is whether 
they can let go and have 
| laid the foundations for an 
them. | have always tried 
to move on when things 
are going very well, but 
that is often when you 
| are having the most fun. 


Too many founders hang on for too 


institution to thrive without 


is because of this that most of the founders 
decided to operate independently of public 
universities. 

In Pakistan, Banuri explains, “university 
staff were poorly paid and seemed unhappy 
and depressed. This was not the kind of envi- 
ronment I wanted for something new and 
innovative.” Banuri also wanted the freedom 
that independence from the state provides. 
This freedom proved crucial in the case of a 
2002 research project to survey public atti- 
tudes to Pakistan's nuclear development. “This 
project is unlikely to have happened had SDPI 
been linked to a public university,’ says project 
leader Haider Nizamani of the University of 
British Columbia. The survey's findings are 
due to be published in early 2008. 

However, Banuri now thinks that, with 
hindsight, the decision to go independent 
was perhaps a mistake. “It would have been 
better for us to find a university, draw on its 
resources, but also help to build its capacity.” 
Without building policy-research capacity in 
universities, his thinking goes, independent 
institutions will have less talent to draw on. 

Huq agiees that being based in a university 
would have been better in thelong run. The 
Bangladesh education system never used to 
produce independent thinkers: “You could get 
amasters’ degree by memorizing a textbook” 
But he adds that “things have changed in the 
past few years as Bangladesh higher education 
has opened up to private competition, which 
is raising the quality of graduates.” 


Instant impact 

Once up and running, all four institutions 
found themselves much in demand from 
policymakers. As there is much less competi- 
tion for the ear of politicians in these regions 
than in the developed world, the work ofnew 
institutions gets noticed and can have an 
impact more quickly. “The Humboldt Institute 
became a major force in science and environ- 
mental policy in Colombia in just a couple of 
years,’ Samper recalls. “We helped to create 
the country’s first environmental act and had 
the environment minister chair our board.” 
In Nairobi, ACTS helped to draft Kenya's first 
industrial-property law in 1989, leading to the 
creation of the country’s patent office. And in 
Dhaka, the Bangladesh centre helped to create 
anew environment ministry for the country 
and to write the country’s first environmental 
action plan. 

But Sunita Narain, who heads the Centre for 
Science and Environment in Delhi, cautions 
that having close ties to government carries 
risks as well as rewards. Her centre has a policy 
of not doing contract-research for anyone, and 
has taken a more activist role. Because India 
has long hada more stable democracy, unlike 
the other four countries, think-tanks that com- 
bine policy and research are more common. 
Still, she says it is crucial for all institutions in 
the developing world to evolve in response 
to changing times. Now that environmental 


issues have become mainstream, for example, 
think-tanks need to finda niche to maintain 
their impact. 

International partners, too, bring some 
risks. Each of the founders wanted inter- 
national contacts but without turning their 
institution into a contract-research centre for 
rich clients. For this reason, both the Bang- 
ladesh and Pakistan centres avoided bidding 
for lucrative overseas government contracts. 
But this was a form of research they were not 
always able to avoid, particularly when cash- 
flow from other projects was tight. 

Three of the centres formed a support net- 
work with other international partners. In 
Colombia, Samper says that such collabora- 
tion was seenas less ofa priority. “I did sug- 
gest this to our board, but they tooka different 
view and felt we already had the world’s top 
expertise in Colombia,’ he says. But he doesnt 
think the centre's work suffered: “I would say 
that the best lessons and experience came from 
other developing countries.” 

Social scientists have a phrase to describe 
what happens when the founder of an institu- 
tion refuses to hand over leadership toa new 
generation, sometimes in the mistaken belief 
that the organization will collapse without 
them. They call it founder syndrome. 


TARIQ J. BANURI 
Founder, Sustainable 
Development Policy Institute 


Born: Peshawar, Pakistan, 1949 

PhD: Harvard University (Economics), 1986 
Institute founded: Islamabad, 1992 

Current job: Senior Fellow, Stockholm 
Environment Institute 


What would you do differently if given a 
second chance? 

| would have been more ‘journalistic’. Think- 
tanks that take a journalistic approach seem 
inhindsight to have been more influential. 
Looking back, | now wish we had found more 
young people with energy and dynamism. 
who wanted to make a difference. Many of 
the big names we recruited tuned out tobe 
useless, whereas many of the bright young 
things that we hired are now the stars of 
tomorrow. 


Would you do it all 
again? 

Probably not.! have had 
offers to retum to 
Pakistan, but my 
priorities are now more 
intemational, especially 
global climate 
change and 
helpingto ensure 
that developing 
countries get a 
fair deal. 


SALEEMUL HUQ 
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Founder, Bangladesh Centre for Advanced Studies 


Born: Karachi, Pakistan, 1952 
PhD: Imperial College, UK 
(Biology), 1978 
Centre founded: Dhaka, 
1986 
Current job: Head, 
climate change group, 
International Institute 
for Environment and 
Development, London 


What were you 
doing in 1986? 
Thad returned 
to Bangladesh 
to become 
anassistant 


In the developing world, one of the most 
notorious examples of founder syndrome is 
that of the late Thomas Odhiambo, found- 
ing director of the International Centre for 
Insect Physiology and Ecology in Nairobi. 
Odhiambo, a charismatic figure, friend 
and adviser to generals and presi- 
dents, led the institution from 
1970 until 1994 when he was 
forced out by the institution’s 
donors and by its govern- 
ing body. Odhiambo was 
determined that the centre 
should follow his vision. 
But the donors had other 
ideas and, today, the centre's 
website carries no reference to 
its founder. 


Letting go 

Mindful of the dangers of clinging on, three 
of the founders established limits to their 
termsas directors. And all four organized the 
recruitment of a successor and then cleared 
their desks when their time was up. “I was 
determined to avoid a situation where the 
founder sticks to his creation like a leech and 
refuses to let go,” Banuri says. He adds, “I 
wouldn't have minded an offer to sit on the 
board after I left, but I felt board members 
were too afraid that I would try to continue 
to run the organization” 

Banuri and Juma have since opted to return 
to working at the coal-face of research and 
are no longer responsible for the day-to-day 
administration ofa large institution. By con- 
trast, Samper and Huq are still active in the 
running of large organizations or collabora- 
tions. Huq remains non-executive chair ofthe 
board of the Bangladesh centre, and Samper is 
the acting head of the Smithsonian Institution 
in Washington DC. These different choices are 
perhaps explained by the contrasting styles 
of the founders, Both Banuri and Juma hold 
strong opinions and are not afraid to share 


“lwas 
determined to avoid 
a situation where the 
founder sticks to his 
creation like a leech and 
refuses to let go.” 
—Tarig Banuri 


professor at the University of Dhaka. It didn't 
suit me at all. It was bureaucratic: promotions 
were based on length of service, andthe 
environment did not reward excellence or good 
ideas. Sol got together with others who had 
also obtained PhDs abroad and we set up the 
Bangladesh Centre for Advanced Studies. 


Would you do it all again? 
Yes In fact, | am planningtoreturnto 
Bangladesh to establish an International 
Centre for Climate Change Adaptation and 
Mitigation, which will be basedat one of 
the new private universities. Bangladeshis 
well placed to lead the developing world in 
responding toclimate change. This will be 
mynext challenge. 


them, whereas Samper and Hug would prefer 
to builda consensus. 

The founders offer similarly contrasting 
advice to anyone wanting to follow in their 
footsteps. As Juma putsit: “Ifyouhavea good 
idea, don't consult too many people, as 
they will try to put you off” Sam- 
per, though, says it is important 
to: “take your time to builda 
vision, focus on a few pri- 

orities and have the buy-in 
of key stakeholders.” He 
recalls that the best advice 
came from his father, who 
founded several agricultural 
research institutions in Latin 

America. “He said] should set 
a clear vision, hire a really good 
team and make sure I step down at 
the right time. The last of these is one of the 
hardest things, but I think itis crucial” 

Not surprisingly, given their successful 
career paths since leaving the running of 
their institutes to others, each of the founders 
feels the experience was worthwhile, and will 
admit to few if any regrets. Some even say that 
they would be willing to start over again, in 
anadvisory role if not an executive one, As 
mentor for his next project, Juma believes in 
finding donors who see the value of learning 
from mistakes: “This is critical for any new 
institution,’ he says, “but in the eyes ofadonor, 
mistakes are to be punished” 

And the most important lesson to pass on? 
There are no guarantees. In the same way that 
a research funding council cannot walk intoa 
lab and demand the results of an experiment 
before it has even started, founding a new 
institute is a process of exploration without 
acertain outcome. In this sense, says Juma, 
“International development is much like basic 
research.” . 
Ehsan Masood writes about science in 
developing countries. 

See Editorial, page 1. 


Abathymetric map 


The next land rush 


As countries race to file claims to areas of the sea floor before a United Nations deadline, 
geologists and geophysicists are getting caught up in the frenzy. Daniel Cressey reports. 


ussia’s twin Mir submersibles are per- 
haps the most-photographed explor- 
ers of the deep sea. Because they are 
manned, and can dive together to 
depths of 6,000 metres, film producers love 
sending them down for unprecedented foot- 
age, The 20-year-old Mirs have starred in a 
number of Hollywood adventures, including 
director James Cameron's exploration of the 
wreck of the Titanic. 
So itis fitting that itwas the flashy Mir-1 that 
planted a Russian flag on the sea floor at the 
North Pole last August, as part 


Greenland, crossing the geographic North Pole 
in the process, Theridgeis also keyto the ambi- 
tions of Russia, Denmark and Canada to lay 
claim to swaths of Arctic sea floor. The valid- 
ity of their claims will be decided by a United 
Nations body, in accordance with the 1982 UN 
Convention on the Lawof the Sea (UNCLOS). 
Under Article 76 ofthis treaty, a state can assert 
rights over the sea floor and its accompany- 
ing oil, gas and mineral wealth — beyond the 
standard ‘exclusiveeconomic zone’ that extends 
to 200 nautical miles off the coast. For this to 

happen, the country must prove 


of a high-profile race to aim“ The map of the that the claimed areaisa “natural 
the riches of the Arctic Ocean. Arctic will change —_Prolongation” of its continental 
‘The stunt was, of course, purely Itofth elf (see ‘Howto split up the sea 
symbolic—Russiadoesnotown SS 4Fesultorthese oor overleaf), 

the seafloor at the North Pole,at actions.” Russia and Denmark both sent 
least not yet. But the flag-plant- — Ronald Macnab ¢xpeditions to the Lomonosov 


ing reignited nationalistic debate 
about who has rights to what in the Arctic. 
And scientists play a crucial part in resolving 
those debates. 

‘The latest area of interest is the Lomonosov 
ridge, a submerged rise about 1,800 kilometres 
long that runs from offshore Russia to offshore 
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ridge last summer, but they are 
far fromalone. A deadline of 2009 is approach- 
ing for some nations to stake claims under 
UNCLOS, and experts are poised for a rush of 
new applications worldwide. Most agree that 
the international body will eventually accept 
some of the claims. “There's no doubt in my 


mind the map of the Arctic will change as a 
result of these actions,’ says Ronald Macnab, a 2 
marine geophysicist formerly ofthe Geological S 
Survey of Canada who now works asa consult- 
ant to those submitting claims. 

But redrawing maps will take time. “There 
aren't going to be any easy claims under Arti- 
cle 76,” says Lindsay Parson, an oceanographer 
at the University of Southampton, UK. In the 
process, geology and geophysics will havea sig- 
nificant role — as is already happening notonly 
at the Lomonosov, but also in claims regarding 
the Bay of Biscay off France and Spain, the sea 
floor off New Zealand, and elsewhere. 


M.JAKOBSS 


Surveying the deep 
The Lomonosov ridge, named after the eight- 
eenth-century Russian scientist and writer 
Mikhail Lomonosov, is ground zero for the 
hottest claims. It may seem strange that the sea 
floor in the middle of the Arctic Ocean, miles 
from any land, can be considered a “natural 
extension” of Europe, Asia or North America, 
But the ridge’s unique geology is behind this. 
In the early 1960s, sea-floor mappers Bruce 
Heezen and Maurice Ewing recognized that 
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Up for grabs: Russia will not be the only nation to claima share of the potential riches under the Arctic. 


the mid-Atlantic ridge — the chain of under- 
‘water mountains that runs upthe centre of the 
Atlantic Ocean, marking where new sea floor 
is born — extended into the Arctic, where it 
is known as the Gakkel ridge’. And in 1963, 
Canadian geologist J. Tuzo Wilson published 
a paper showing how the basin on the Siberian 
side of the Arctic Ocean could have opened up 
as the Gakkel produced new sea 


material from the Eurasian margin,’ says Kate 
Moran, an oceanographer at the University 
of Rhode Island, Kingston, who co-led the 
Arctic Coring Expedition. “There's full agree- 
ment that the ridge used to be connected to the 

Eurasian margin.” 
With the origin of the ridge not in doubt, the 
Russians must stake their claim on an inter- 
pretation of the brief passage in 


floor. That would have moved "There's full the UN rules, and must prove 
the Lomonosov ridge, which agreement thatthe — where exactly, ifanywhere, the 
once formed a sliver along the ,; ridge is attached. “That is the 
edge of the Eurasian continent, Fides usedtobe difficult part,” says 

over to run between Greenland connected to the Larry Mayer, direc- 

and Russia’, In other words, the Eurasian margin.” tor of the Center 

ridge was once part of Eurasia. —Kate Moran for Coastal and 


In 1991, researchers aboard 
the German icebreaker Polarstern and the 
Swedish icebreaker Oden set out to test this 
idea. Geologist Yngve Kristoffersen, of the 
University of Bergen, Norway, was part of the 
research team. “When we saw the first seismic 
survey I almost went through the roof,’ he 
remembers. “It was all there, just like a text- 
book.’ On the Eurasian side of the ridge lay 
half-grabens, features formed by fault rifting as, 
the ridge pulled away from the continent. On 
the other side lay deep sediments. Kristoffer- 
senand his colleagues estimated that the ridge 
subsided below sea level between 64 million 
and 56 million years ago’. 

In 2004, the first cores were drilled from the 
Lomonosov ridge, providing the first ‘ground 
truth’ for its geology and the history of the 
Arctic*, “Basically the bedrock is the same 


Ocean Map- 
ping at the University of New 
Hampshire, Durham. “The 
issue is this demonstration of 
anatural prolongation of the 
land mass.” 

Moran says that some the- 
ories suggest that the ridge 
might have ‘sheared’ at the 
Russian end, meaning it is 
not really attached in the tra- 
ditional sense. But such ques- 
tions are difficult to answer 
without more data — hence 
the recent Russian and Danish 
expeditions. 

A 2001 Russian claim to 
UNCLOS for more Arctic territory 
was sent back with a request for more 


information. Exactly what was requested is 
not known, but this year’s expedition included 
not only the Mir submersibles, which gath- 
ered water and sediment samples, but also 
aircraft running tests that included gray- 
ity surveys. Russian scientists are currently 
studying the data. 

For their part, Denmark and Sweden sent 
two icebreakers as part of the Lomonosov 
Ridge off Greenland (LOMROG) 2007 expe- 
dition. The project ran into extraordinar- 
ily thick ice at the southern end of the ridge, 
but managed to undertake geological cor- 
ing and oceanographic sampling, among 
other studies. 

“We wanted to see change in composition 
going from the shelf onto the ridge,” says 
Christian Marcussen, a senior adviser at the 
Geological Survey of Denmark anda principal 
investigator on the cruise. “What we're looking 
foris some kind of crustal continuation from 
the continent to the ridge” 

But that may not necessarily hold sway with 
the UN committee deciding on the question 
of natural prolongation. “The geochemi- 
cal affinity of rocks is not a defining factor 
in whether rocks are part of a nation’s land- 
mass,’ says Vaughan Stagpoole, a geologist at 
the Institute of Geological & Nuclear Sciences 
in Lower Hutt, New Zealand. “The key is in 
distinguishing such rocks from in situ ‘deep 
ocean floor with its oceanic ridges, which does 
not form part of the natural prolongation ofa 
state,” he and his colleagues say ina statement 
to Nature. 

Many of the LOMROG findings have not 
yet become public, as they are being pre- 
pared for publication in peer-review journals 


Russia's Mir-1 submersible planted 
a flag on the sea floor beneath the 
North Pole in August 2007, 
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or forsubmission to the UN com- 
mission. But a few details emerged 
last month at a meeting of the 
American Geophysical Union, 
in which co-investigator Martin 
Jakobsson, from Stockholm Uni- 
versity in Sweden, reported features 
such as ice scours on the ridge, 
probably caused by giant icebergs 
dragging across the ridge surface. 
‘The Danish partof the team, led by 
Marcussen, is still working on data 
from their underwater surveys, 
which aimed to delineate the foot 
of the continental slope to better 
inform any claim Denmark may 
make under UNCLOS. 


Small country, big claim 

For its part, New Zealand submit- 
ted a claim in 2006 that encom- 
passes roughly 1.7 million square 
kilometres surrounding its islands. 
The claim is based on a host of 
complex features, including pla- 
teaux, ridges, seamounts and 
trenches, and also involves the first 
claim of a major active subduc- 
tion margin. Some of the areas in 
the claim may overlap with other 
countries’ entitlements (see map 
opposite), and New Zealand isin 


‘Tonga regarding this. 

The New Zealand claim team hada budget 
of NZ$44 million (about US$30 million), 
underscoring the interest governments have 
in sea-floor claims. Under UNCLOS, nations 
get rights to exploit the oil, gas and mineral 
wealth in sea-floor areas awarded to them. The 
team, however, says its survey was motivated 
by thedesire to know what might be claimable 
under Article 76, as opposed to what might lie 
within that potential claim. 

Other claims also seem to fall 
under the ‘grab-it-now’ mental- 
ity. Under UNCLOS, countries 
lose their rights to stake a claim 
once their deadline has passed. 
UNCLOS stipulates that coun- 
tries have 10 years from the date 
they ratified the treaty to submit 
claims, with none coming before 2009. This 
gives deadlines of 2009 for Russia, 2013 for 
Canada and 2014 for Denmark — nota huge 
amount of time considering thatthe Arctic, for 
instance, is accessible to researchers for only a 
few months each summer. 

In 2006, France, Spain, the United Kingdom 
and Ireland submitted a joint claim to a small 
area in the Bay of Biscay. The claim is based 
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“The issue is this 
demonstration of a 
natural prolongation 
ofthe landmass.” 

— Larry Mayer 


The Union Jack flew above Rockall in 1955, but claims tothe sea floor around 
therock in the North Atlantic Ocean must come from geological proof. 


ona series of relatively small ridges that run 
out into the Atlantic, remnants from theperiod 
when the Iberian peninsula moved away from 
what is now France, creating the Bay of Biscay. 
“The process of ocean basin formation is not 
always a clean break,” explains Parson, whois 
heavily involved in the UK claims. “Very often 
there’ alot of stretching and twisting that goes 
on. You can think of it as similar to breaking a 
biscuit — there are crumbs left over” 

The Bay of Biscay claim is one of the less con- 
troversial under the UNCLOS 
process. “It's relatively small but 
the total area is about the same 
as the land area of Ireland — on 
that sort of scale it issignificant,” 
says Peter Croker, head of the 
team for Ireland’s submission. 
“As submissions go it is relatively 
straightforward,” says Croker, who also serves 
asa member of the UN Law of the Sea commis- 
sion on the limits of the continental shelf. Sub- 
groups within the commission decide on the 
merits of each claim, and they do not include 
any members who might have a stake in the 
claim being discussed. 

More likely to be controversial are the 
expected claims around the hotly disputed 


‘island’ of Rockall farther north 
in the Atlantic. The tiny, uninhab- 
ited outcrop that forms Rockall is 
frequently entirely swamped by 
wayes and can itself support no 
claims; under UNCLOS, rocks that 
“cannot sustain human habitation 
or economic life of their own” can- 
not be used to claim the sea floor 
around them. But the sea floor sur- 
rounding Rockall could potentially 
be claimed as an extension of Ire- 
land, the United Kingdom, Iceland 
or Denmark's Faroe Islands under 
the UNCLOS process. 

The four countries have clashed 
before over Rockall. Ireland and 
the United Kingdom have agreed 
how to divide the continental 
shelf within their exclusive eco- 
nomic zones. But Iceland and 
the Faroes may also eventually 
claim part of the sea floor around 
Rockall — and the disputes are 
likely to rule out any previously- 
agreed joint submission as in the 
Bay of Biscay. 

\ Other disputes may flare up far- 
\\__ ther south. The United Kingdom 
* is expected to file a claim to the 
sea floor around what it calls the 
Falkland Islands — over which 
itfought a war in the early 1980s 
with Argentina, which claims the land as the 
Malvinas. Britain is also preparing a claim for 
sea bed off the coast of Antarctica, contiguous 
with its designated Antarctic territory on land. 
Australia and New Zealand have submitted 
similar claims off their Antarctic territories. 


Flying blind 

Controversies over claims are not helped by 
the secrecy of the UNCLOS process, Only 
summaries of submissions are published, and 
these need only contain a list of coordinates for 
the territory being claimed. “The commission 
operates under pretty serious rules of confi- 
dentiality;’ says Macnab. “We don’t know how 
it has dealt with other submissions that may 
have similar circumstances. The states are fly- 
ing blind” 

The insistence on confidentiality is written 
into UNCLOS. “In an ideal world the whole 
process would be open,’ admits Croker. “The 
whole process is not transparent to the outside 
world. I understand why there’ some frustra- 
tion about it” 

Inevitably, the criteria can lead to overlap- 
ping claims, For instance, Russia's Arctic claim 
in 2001 extended to, but not past, the North 
Pole, taking in the half of the Lomonosov 
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ridge that extends from the pole towards Rus- 
sia. Claims are expected from Denmark and 
Canada regarding the part of the Lomonosov 
on their side of the pole; the countries would 
have to resolve between them where to put a 
boundary between their claims. 

Indeed, the commission cannot even con- 
sider submissions on disputed areas without 
the permission of those involved in the dis- 
pute. Hence the joint submission for the Bay 
of Biscay, which involved researchers from all 
four countries on the survey team. Ifthe claim 
is approved, the countries involved can then 
divide the land among themselves. 


Redrawing the maps 
Even so, scientists working in the area reject 
media and public statements that such claims 
amount to a selfish ‘land grab. “There is order 
in the oceans and that order is provided by the 
Law of the Sea,’ says Croker. “Terms such as 
‘land grab’ are unfortunate to say the least.” 
But some researchers continue to stoke 
nationalistic fervour. Artur Chilingarov, who 
led the Russian expedition that planted the 
underwater flag, has been quoted as saying: 
“The Arctic is Russian. We must prove the 
North Pole is an extension 
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How to split up the sea floor 


In 1973 the Third United Nations Conference on 
the Law of the Sea was convened, inan attempt 
to bring some order to increasing unilateral 
declarations of ‘rights’ over the oceans and 

the inevitable conflict that ensued. Whenthe 
conference ended nine years later, it gave birth 
to the UN Convention onthe Law ofthe Sea. 

It has now beenratified by 155 countries, with 
anotable exception being the United States, 
which is caught up in congressional debates 
about national sovereignty. 

The convention gave nations the rights over 
the continental shelf out to the limit oftheir 
exclusive economic zone, 200 nautical miles 
from shore. Butif nations can prove other 
geological criteria, they can claim to either 
350 miles from territorial waters, or 100 miles 
from the 2,500-metre depth. 

Article 76 itself, which lays out these criteria, 
is just 600 words long — leading to much 
confusion, particularly on the issue of what 


are being raised as to what exactly that means. 
“Tve been at several meetings where people 
have questioned whatit means, 


of the Russian coastal shelf” "The Arctic isRussian. this ‘inal and binding,” says 

Danish and Canadian politi- We must prove the Macnab. “The legal people 

cians have made similar, if not North Pole is an themselves aren't quite sure 

quite so strident, statements. 2 what the terms mean.’ 
extension of the 


In the end, though, the deci- 
sions that are made by UNC- 
LOS will massively redraw 
sea-floor maps. Article 76 


Russian coastal shelf.” 
— Artur Chilingarov 


So all thesea-floor wrangling 
may end up not even being 
permanent. “Although most 
countries have ratified the Law 


holds that the commission's recommenda- 
tions will be “final and binding” Still, questions 


of the Sea,’ says Macnab, “there’s nothing to 
say you wouldn't have some rogue government 


The Bay of Biscay 
(left-hand picture) 
has been subject to 
ajoint extended- 
shelf claim by 
France, Spain, the 
United Kingdom 
and Ireland. 


New Zealand 
(right-hand 
picture) covers only 
about 270,000 
square kilometres, 
butits claimon 
areas beyondits 
exclusive economic 
zone could see 
ithave access to 

6 million square 
kilometres of sea 
floor, 
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corstitutes a claimable ‘natural prolongation’ 
of acontinental shelf. “Here the commission 
hasto sort out some guidelines that people 
can follow,” says Wilfried Jokat, a geophysicist 
at the Alfred Wegener Institute for Polar and 
Marine Research in Potsdam, Germany. “The 
article is too general about this.” 

Decisions on claims aremade by a 
subcommittee of the 21-member commission 
on the limits of the continental shelf, staffed 
by scientific expertsin the field. To date eight 
claims have been submitted: 

Russian Federation: 2001 

e@Brazit 2004 

Australia: 2004 

e@lreland: 2005 

@ New Zealand: 2006 

@ Joint submission by France, Ireland, Spain 

and the United Kingdom: 2006 
@ Norway: 2006 
@ France: 2007 DC. 


saying it didn't agree with some past decision 
and they were going to do things differently. It 
wouldn't surprise me to see states say ‘we want 
to reopen.” In which case it isbackto the draw- 
ing board. a 
Daniel Cressey is a reporter in Nature's 
London offices. 
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Strategies and alliances 
needed to protect forest 


from palm-oil industry 


SIR — Lian Pin Koh and David S. Wilcove 
propose in their Commentary ‘Cashing 

in palm oil for conservation’ (Nature 448, 
993-994; 2007) that non-governmental 
organizations (NGOs) should purchase and 
operate oil-palm plantations, and that they 
should use the revenue generated to expand 
the network of private reserves in Indonesia 
and Malaysia. 

Because this would delay the establishment 
of reserves in a landscape that is rapidly 
degrading, Reuben Clements and 
Mary Rose C. Posa in Correspondence 
(‘Conservationists could slip up in palm-oil 
enterprise Nature 448, 403; 2007) advise 
using available finds to purchase the reserves 
directly instead. 

However, both strategies focus on 
purchasing land for reserves. In doing this, 
they are putting themselves in competition 
with a palm-oil industry that is worth more 
than $4 billion in annual exports from 
Indonesia alone, according to the Food 
and Agriculture Organization (FAO, 

Rome, 2006). 

Limited by their annual budget of only 
about $12 million, Indonesian NGOs are 
unlikely to be able to afford the cost of 
establishing sufficient reserves. Instead, 
what we suggestis that they combine 
a range of approaches to conservation, in 
order to maximize their influence through 
strategic alliances. 

‘These include joining in with local 
communities who can sway development 
away from palm oil towards more sustainable 
land use, and working with carbon off-setters 
to redirect deforestation and carbon- 
sequestration payments to areas of high 
conservation value. NGOs should engage the 
palm-oil industry through the Roundtable 
on Sustainable Palm Oil and encourage 
them to implement practices that improve 
the conservation value of their estate, The 
NGOs should also work to support an 
economically and ecologically sustainable 
timber industry. 

Reserves should be purchased only ifand 
when doing so is a more cost-effective means 
of conserving biodiversity than any of the 
available alternatives: that is, when resources 
are available, the benefits are substantial and 
the alternatives are limited, 

Increasing consumer awareness of the 
impact of palm-oil production on 
biodiversity —particularly on orangutans 
(Pongo pygmaeus) — is anotherimportant 
step. A resultant drop in the demand, by 
people concerned about the environment, 
for biodiesel from palm oil could curb the 
industry’ growth. 

The NGOs involved must move on to 
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foster relationships that simultaneously work 
both with and against the palm-oil industry 
to limit its impact. 

Oscar Venter*, Erik Meijaard?, Kerrie Wilsont 
*The Ecology Centre, School of integrative 
Biology, The University of Queensland, 
Brisbane, Queensland 4072, Australia 

+The Nature Conservancy, Tropical Forest 
Initiativeand Orangutan Conservation Services 
Program, Balikpapan, East Kalimantan 76100, 
Indonesia 

+The Nature Conservancy, 60 Leicester Street, 
Carlton, 3053, Australia 


Illegal mining could revive 
Xinjiang's coalfield fires 


SIR — Your Nature News story ‘50-year-old 
fire put out’ (doi:10.1038/news.2007.281) 
mentions that an underground coal fire in 
Xinjiang’s Terak coalfield in China has been 
extinguished, as has another, near Urumqi, 
that had burnt for 130 years. However, we 
remain unconvinced that the Terak coalfield 
fire will not reignite. 

Asa result of more than three years’ 
efforts by the Xinjiang Coalfield Fire- 
fighting Project Office, the coalfield fire in 
Liuhuanggou, near Urumqi, was put out in 
2004. We have been detecting signs of revival 
since 2005, however, including sporadic heat 
anomalies in sub-zones and smoke escaping 
from surface fissures. Local blocking of the 
fires has caused a redistribution of ground 
stress, resulting in new fissures connecting 
with the surface. These fissures allow entry 
of oxygen and promote heat circulation. 
Meanwhile, mining in the vicinity may 
have disrupted fire-suppression measures, 
causing new fire spots to start up around 
the previous fire zone. 

Since 2005, the Liuhuanggou coalfield 
roads have been levelled to facilitate fire- 
fighting operations. Coal that was previously 
hard to extract can now be easily mined, 
illegally, from the coal-seam outcrops just 
by stripping the soil overburden that was 
once covered for the purpose of firefighting. 

Illegal mining may also have helped to 
revive the fire. In coalfields in Xiaolongkou 
and Xiaohuangshan, for example, where 
fires had been confirmed as extinguished 
in 2001 by the Chinese government, illegal 
mining activities have already caused the 
fires to revive, 

‘The Chinese government should prohibit 
uncontrolled mining activities and maintain 
long-term monitoring in and around the 
extinguished fire zones to prevent the fires 
from reigniting. 

Maohua Zhong, Tairan Fu 

China Academy of Safety Science and Technology, 
State Administration of Work Safety, No, 17, 
Huixin Xijie, Chaoyang District, Beijing 100029, 
People's Republic ofChina 


CORRESPONDENCE 


Slow development impedes 
the uptake of diagnostics 


SIR — Two conclusions in your Business 
story ‘Missing the mark’ (Nature 449, 
770-771; 2007) about the usefulness 

of cancer biomarkers should evoke a 
response from translational researchers 
and clinicians. 

First, you say that the overall impact of 
early bladder-cancer detection on patient 
survival rates may be relatively small because 
surgery remains the treatment of choice. This 
may be why survival from bladder cancer has 
barely changed during the past two decades: 
moreaccurate early-detection tools, suchas 
biomarker tests, are needed. Since the 1980s, 
the American Cancer Society has issued 
guidelines and recommended several 
early-detection tests because of their clinical 
benefits. These have led to an increased 
likelihood of complete tumour removal and 
therefore of a better outcome and reduced 
costs. Public-private partnerships are 
therefore expediting the development of 
biomarker diagnostic tools, 

Second, you say that, in the absence of new 
drug therapies, “there isn't a huge incentive 
for doctors andthe health-care insurers that 
pay for most medical services in the United 
States to buy the tests”. Butthis is contrary to 
established fact. For example, DNA-based 
testing for human papilloma virus to 
augment or replace pap smearsis widely 
accepted and reimbursed. Her-2/neu gene 
testing is necessary for breast-cancer patients 
undergoing treatment with Herceptin. The 
US Food and Drug Administration's approval 
in 2004 of EGFR-pharmDx (which detects 
colorectal cancers expressing epidermal 
growth-factor receptors) for treatment with 
the cancer drug Erbitux led to rapid uptake, 
with reimbursement by Medicare and private 
insurers in the United States. 

The problem lies not with physician 
uptake and reimbursement, but with the 
slow development and validation of accurate 
tests providing useful information for early 
detection and treatment. 

Chul-So Moon*, Eddy C. Agbo*, 

David Sidransky+ 

*Cangen Biotechnologies, Inc., 300 E. Lombard 
Street, Baltimore, Maryland 21202, USA 
{Department of Otolaryngology, Johns Hopkins 
University School of Medicine, 

and Sidney Kimmel Comprehensive Cancer 
Center, Cancer Research Building ll, 5N.03, 1550 
Orleans Street, Baltimore, Maryland 21231, USA 


Contributions to Correspondence may be 
submitted to correspondence@nature.com. 
Publishedcontributions are edited. 

Science publishing issues of interest to 
authors are regularly featured at Nautilus 
(http://blogs.nature.com/nautilus), where 
we welcome comments and debate. 
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Keeping pace with change 


Atextbook covering all aspects of evolution puts the spotlight on the molecular motor that drives it. 


In batesian mimicry, the warning coloration of poisonous butterflies (top) is copied by harmless species (bottom) to improve their chances of survival. 


Evolution 

by Nicholas H. Barton, Derek E. G. Briggs, 
Jonathan A. Eisen, David B. Goldstein & 
Nipam H. Patel 

Cold Spring Harbor Laboratory Press: 
2007. 833 pp. $100, £39.99 


Daniel Hart! 
Asa young man I attended an evening party 
at the Cold Spring Harbor Laboratory in New 
York. Max Delbriick approached me and asked 
what I was interested in. Awed by the unex- 
pected attention from so famous a scientist, I 
stammered something about genetic variation 
in natural populations and how, through time, 
this becomes transformed into morphologi- 
caland other differences between species. As 
I began my second sentence, he interrupted to 
say, “Young man, you are wasting your time,’ 
and abruptly walked away. I brooded on this 
for a while — quite a while. 

What Delbriick did not foresee (and nor did 
I) was that during the next 30 years molecular 
and cellular biology would flourish, and thatin 
one of the great scientific revolutions in history 
these fields would spin offa succession of pow- 
erful new experimental techniquesaugmented 
by automation and computational power. 
Evolutionary biology prospered from these 
advances, and the field as I knew it then was a 
mere preamble to whatitis today. Every branch 


of evolutionary study has been transformed and 
invigorated, and some branches have beencre- 
ated anew — for example, ‘evo-devo (the evolu- 
tion of developmental mechanisms). 

‘Textbooks in evolutionary biology have gen- 
erally kept pace with these changes and several 
excellent books are available. This new one by 
Barton and colleagues is among the best. The 
production quality is superb in layout, compo- 
sition, typesetting, colour palette, illustrations 
and gorgeous half-tones; and the writing is 
excellent, as one might expect from such a stel- 
lar cast ofexperts in population genetics, palae- 
ontology, human genetics, bacterial genomics 
and developmental biology (respectively), 

The book is in four parts. The first is a his- 
tory of evolutionary thinking and evidence 
for the evolutionary process, which clarifies 
common misconceptions about evolution 
and rebuts ‘intelligent design: The latter is 
unfortunately necessary in the United States, 
where people who think that space aliens have 
landed on Earth outnumber those who believe 
in the darwinian theory of human evolution 
by about 3:1. 

Part I also includes an excellent introduc- 
tion to molecular biology, although I suspect 
that much of this duplicates what most stu- 
dents already know, Part II, on the origin and 
diversification of life, is up to date with discus- 
sions on the last universal common ancestor, 


as well as being an outstanding introduction ¢ 
to evo-devo. Part III comprises about half the s 
book and deals with the genetic mechanisms 2 
of evolution, including speciation, in a treat- 2 
ment that is fresh, thorough and professional. 
Subtle concepts, including Fisher's geometri- 
caltheory ofadaptation and the coalescent, are 
clearly described with minimal mathematics. 
The final section is devoted to human diversity 
and evolution, and includes an engaging dis- 
cussion of human nature. 

This book may not fit every instructor's 
needs, Some may prefer a different balance of 
origin, diversity, molecular evolution, popu- 
lation genetics and human evolution, or they 
may needa textbook written ata different level. 
But every instructor should examine this book 
and make an individual decision. 

The absence of end-of-chapter problems is 
a surprise. They are to be posted on the web 
soon, apparently. The web feature eliminates a 
lot of chapter-end clutter, but it will work only 
if students are motivated enough to access the 
problem sets and extra material online. Stu- 
dents who learn only the facts, but not how to 
use them or integrate them, will surely be wast- 
ing their time, no matter what their interests. 
Daniel L. Hartlis Higgins professor in the 
Department of OrganismicandEvolutionary 
Biology at Harvard University, Cambridge, 
Massachusetts 02138, USA. 
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Split world 


by Maximilian Schlosshauer 
Springer: 2007. 416 pp. £54 


Elementary particles, such as photons, electrons 
and neutrons inhabit a quantum world, where 
they may exist in a superposition between two 
or more locations at the same time. They can 
be entangled over large distances, or several 
of their properties may be undefined. In our 
everyday world, such phenomena are not evi- 
dent — computers, cars and people are always 
at well-defined locations. And the properties of 
oneare independent of what is done to another 
one at a distant location. Why do we not see 
quantum phenomena in macroscopic objects? 

‘The term ‘decoherence’ describes how quan- 
tum superposition is lostasa result of entangle- 
ment between an environment and the internal 


or external degrees of freedom of the system. 
Whether or not this can explain the emergence 
ofa classical world is a matter of philosophical 
debate. Nonetheless, the physics of decoher- 
ence is interesting. Maximilian Schlosshauer 
gives us a thorough and readable representa- 
tion of today’s understanding of the topic in 
Decoherence and the Quantum-to-Classical 
Transition. 

The book gives an excellent overview of the 
various theoretical approaches to the phys- 
ics that leads to decoherence. A particular 
strength is that it includes accounts of several 
experiments demonstrating the decoherence 
mechanism in detail, and shows how the results 
might predictexperimental developments with 
quantum systems that become larger and more 
complex. 

Schlosshauer also discusses various 
approaches to the fundamental and concep- 
tual understanding of the nature of quantum 


Double life: these carbon-60 fullerenes can behaveas either a quantumor aclassical system. 


states, and therefore of decoherence. Although 
he maintains a neutral position, I have the 
impression that he is taking the notion of 
quantum states in an ontological rather than an 
epistemological sense. For example (as is well 
known from early quantum mechanics and 
is now supported by experiment), there is no 
fixed boundary between the classical and the 
quantum world. The same object can behave as 
a quantum system in one situation, for example 
whenit is isolated from the environment, or as 
a classical system in another. 

Fullerenes and even biological macromol- 
ecules are typical examples, showing quantum 
interference in two-slit experiments whereas 
they can be seen in a tunnelling electron 
microscope, for instance, at classically well- 
defined locations. This shifting boundary is 
confirmed by the decoherence mechanism. 
But to argue that this is evidence against the 
Copenhagen interpretation, as the author does, 
is unjustified: the Copenhagen interpretation 
itself says that whether an object is classical or 
quantum is a function of the chosen experi- 
mental set-up. 

Decoherenceis, to follow physicist John Bell, 
for all practical purposes sufficient to describe 2 
the loss of quantum features for large systems. = 
There are still unanswered questions. It is well & 
known, which Schlosshauer also stresses, that > 
the interference terms never strictly vanish, so = 
decoherence can tell us only that the interfer- 3 
ence terms disappear effectively but not rigor- 2 
ously, Even after accepting that approximation, 8 
we are still left with the system represented as # 
a mixture of various possibilities, like being in g 
two places at once. In the classical world, we 2 
know that the system is alwaysat this place or 3 
at that place. To explain the two as equivalent § 
is again, for all practical purposes, sufficient. 
Yet it involves, as Bell points out, another inter- 
pretive leap. 

Anauthor index and more discussion of the 
early history of decoherence would have been 
useful, but the book is animportant resource 
for anyone interested in decoherence. Itis very 
well written and it will contribute to further 
conceptual and theoretical development and 
to new experiments, extending the boundary 
of the quantum domain — maybe even into the 
macroscopic world, 

Anton Zeilinger is professor of physics at the 
University of Vienna andthe Austrian Academy 
of Sciencesin Vienna, Austria. 
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Chapters have been extensively revised or rewritten, 
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edited by G. Stuart, N. Spruston and Michael Hausser 
(Oxford Univ, Press: 2007. 2nd edition. £42.95, $79.50) 
Dendrites are extensions of the cell body of the neuron, 
receivingsynaptic input from thousands of other neurons 
and shaping and integrating these signals. This book, 
whichis a collection of informative essays by prominent 
neuroscientists, captures the resurgence of interest in 
these structures, the intricacies of their function, and the 
contribution they make to mental processes. 

The second edition follows eight years after the first. 


and six of the 20 are new — reflecting the vigorous 
expansion of the topic into new areas. A multidisciplinary 
approach underpins the search for answers to the many 
questions posed by dendrites and gives insight into 

their development and their electrical, chemical and 
computational properties. 

Each chapter is lavishly referenced and set out under 
concise subheadings; the colour illustrations, a staple of 
any worthwhile learning aid, are thoughtfully presented. 
There is a forewordby Nobel laureate Bert Sakmann. 
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NATURAL HISTORY 
Drawing 
conclusions 


For millennia, people have observed, 
recorded anddocumented theliving 
world and attempted to make sense 
ofit. The Great Naturalists Thames & 
Hudson, 2007) charts the history of 
natural history through the lives of 40 
‘such people over the past 2,000 years. 

Alongside the expected names 
—Aristotle, Linnaeus, Darwin—this 
handsome volume celebratesthe lives 
and wotks of many lesser-known figures, 
including Konrad Gessner, the sixteenth- 
century writer of HistoriaAnimaliumand 
Historia Plantarum, and Mary Anning, 
who discovered thefirst plesiosaur. 

Four sections — ‘The Ancients’, ‘The 
Renaissance’, ‘The Enlightenment’ and ‘The 19th 
Century’ — all beautifully illustrated, often by 
the naturalists, show how the desirefor striking 


images collided with the need for accurate 
documentation. Pictured is Georges Cuvier's 
giant ground sloth (Megatharium) skeleton. 
Jenny Meyer 


The greening of genomics 


Functional Plant Genomics 

edited by J. F. Morot-Gaudry, P. Lea& 

J. Briat 

Science Publishers: 2007. 699 pp. £69.88, 
$119.50 


AndrewH. Paterson 
A global investment in plant genomics is under 
‘way, thanks to increasing recognition of the 
services provided by higher plants to ecosys- 
tems. These plants fix the greenhouse gas carbon 
dioxide, enrich soil constituents and are valuable 
asasource of food, fuel, fibres and medicines. 
We already know the genome sequences of 
thale grass (Arabidopsis thaliana), rice, the pop- 
lar tree and the grapevine, and those of papaya, 
sorghum and others are in the pipeline. The 
sequences of most crop genomes will probably 
be in hand in the next decade, These will seed 
“the birth ofa new plant biology’, a concept that 
forms the focus of Functional Plant Genomics 
and promises to expose relationships between 
DNA sequence and botanical diversity. 


Invertebrate Neurobiology 


edited by Geoffrey North and Ralph J. Greenspan (Scion, Cold Spring 


The book — edited by former leaders of the 
plant biology department at INRA, the French 
agricultural research agency — exceeds the 
scope of its title. It reaches from the ancestry 
of genomics, through genome sequencing, 
annotation and functional dissection, to 
translation of functional information from 
botanical models into crop improvement. 
The section on structural genomics includes 
results from classical cytogenetics and rena- 
turation kinetics research. The findings 
have shaped our understanding of genome 
organization, from cloning and sequencing 
to the computational techniques that convert 
sequences into information. Included are 
intuitive explanations of basic methodologies 
along with detailed coverage of knowledge 
and resources, 

Complete or exhaustive sequencing is 
addressed in detail. The authors note that “the 
cost ofa complete sequence... inthe future will 
have to be balanced against the [pro]portion of 
specific information’, but coverage ofadvances 
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in whole-genome shotgun (equated to “partial = 
or draft-type”) sequencing is brief. 2 

‘The section on functional genomics consid- > 
erslarge-scale approaches to quantifying gene 3 
function, as reflected by phenotype, expression 5 
of messenger RNA, and protein and metabolite 
levels. It also gives some attention to the sta- 2 
tistical methods used to extract signals from 3 
these (often noisy) data. Metabolomics features = 
prominently. There is a particularly interest- 
ing chapter on the application of in silico meta- 
bolic mapping to complement and accelerate 
the deduction of pathways that are followed by 
each molecule entering an organism. 

A final short section on genomics and tech- 
nology is an extension of metabolomics. It 
details metabolic fingerprinting for develop- 
mental, genetic and stress-induced variations, 
as well as the self-assembly (and potential for 
manipulation) of biopolymers that determine 
the quality and utility of plant products. 

Functional Plant Genomics gives specific 
attention to the many manifestations of botani- 
cal diversity. It evaluates models that range 
from small genomes suchas A. thaliana, with 
its experimental expediency and extensive 
infrastructure, to complex large genomes of 
plants such as sugarcane (dear to my heart), 
the world’s number-one biofuel crop. 

How can hard-won functional informa- 
tion best be applied to crop improvement 
through plant breeding? The book takes on 
this question by assessing DNA-marker types 
(including those derived from transposable 
elements), quantitative trait locus mapping, 
and approaches based on candidate genes 
and association with determinants ofa trait. 
There is discussion of progress in utilization 
of genomics for breeding two very different 
cereals, maize (corn) and wheat. Maize uses 
cross-pollination and has two sets of chromo- 
somes; wheat is self-pollinating with six sets of 
chromosomes. 

Minor errors and omissions notwithstand- 
ing, Functional Plant Genomics should broaden 
the perspective of researchers and postgradu- 
ate students on the role of genomics in the life 
sciences, Others will appreciate its glossary in 
what has become a fast-moving field pervaded 
byjargon. . 
Andrew H, Patersonis a distinguished research 
professor and director at the Plant Genome 
Mapping Laboratory, University of Georgia, 
Athens, Georgia 30602, USA. 


fly’; ‘Insect walking’; ‘Memories of worms 


and flies: From gene to behavior’; and 


Harbor Laboratory Press: 2007. £65.34, $135), 
This monograph brings together two groups of scientists — molecular 
geneticists who study invertebrate organisms such as Caenorhabditis 
elegans and Drosophila, and classical ethological entomologists. 
Invertebrate nervous systems are testament to the impressive 
range of solutions animals have evolved to live inall kinds of niches. 
- The essays play on this diversity to illustrate molecular and cellular 
= mechanisms of neural function, and higher-level circuits and systems. 
8 Topics include ‘Optic flow processing in the cockpit of the 


‘Neuroendocrinology of eclosion’. 

As Greenspan says, a lack of neuroanatomical 
homology with vertebrates may belie a deeper 
‘commonality in network architecture and in 
interactions among brain regions. The book 
assesses the universality of brain mechanisms 
and cognitive features, providing some useful 
pointers to what researchers studying vertebrate 
systems can learn from invertebrates. . 
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DOWN'S SYNDROME 


Paradox of a tumour repressor 


David W. Threadgill 


Having three copies of chromosome 21 reduces the incidence of solid tumours in people with Down's 


syndrome. Studi 


Correlative epidemiological studies are pow- 
erful analytical tools that can provide insight 
into human health and disease. A case in point 
is the proposition’ that the age-adjusted inci- 
dence of solid tumours is lower in individu- 
als with Down's syndrome than in the general 
population. But correlative studies frequently 
lacka mechanistic foundation. And epidemio- 
logical studies occasionally reach conflicting 
conclusions — as has been the case with the 
link between Down's syndrome and solid 
tumours — leaving final verification to labo- 
ratory-based studies. Sussan et al.’ (page 73 
of this issue) used an innovative combination 
of mouse models to confirm a link between 
Down’ syndrome and a lower incidence of 
solid tumours. Thework offers an explanation 
for why having three, rather than the normal 
two, copies of chromosome 21, the hallmark of 
Down's syndrome in humans, provides some 
protection from solid tumours. 

One mouse model of Down's syndrome 
that the authors studied is called Ts65Dn, and 
has been used extensively to study the biol- 
ogy of Down’ syndrome’, Thesemice carry 
three copies of part of mouse chromosome 16, 
representing about half of the genes that are 
evolutionarily related to those carried on 


Normal 
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human chromosome 21. Moreover, Ts65Dn 
mice show features similar to those of individu- 
als with Down's syndrome, including defects in 
the central nervous system and facial attributes. 
Sussan et al.? mated Ts65Dn mice with Apc” 
mice, an animal model of intestinal cancer’. 
‘They found that, compared with mice carry- 
ing two copies of mouse chromosome 16, the 
offspring of TS65Dn and Apc" mice, which 
carry three copies, developed significantly 
fewer intestinal tumours, and tumours that 
did develop were smaller. 

Another mouse model that Sussan ef al. 
examined (Ts1Rhr) recapitulates the minimal 
genetic alteration found in Down's syndrome, 
thus allowing the authors to narrow down most 
of the tumour-repressive effects observed with 
three copies of chromosome 21 to just 33 genes. 
A complementary mouse mutant, Ms1Rhr, 
which carries only a single copy of the same 
33 genes, was also mated with Apc™™ mice. 
‘The resulting offspring, which carried a sin- 
gle copy of the 33 genes, showed a significant 
increase in tumour number compared with 
mice carrying two copies. This observa- 
tion suggests a gene-dosage effect, in which 
the copy number ofa particular gene corre- 
lates with the magnitude of its physiological 
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Figure 1 | The effect of Ets2 copy number on intestinal tumour growth. 
On the basis of Sussan and colleagues findings*,a model linking 

Ets2 dosage to early induction of polyclonal intestinal tumours can be 
proposed, a, In the presence of the usual two copies of Ets2, normal cells 
(yellow) and tumour cells respond to a cancer-inductive signal (red). 
This might induce alterations in the stroma, promoting growth of 


limiting the ti 
tumour survival, 


inmice provide clues to why, and highlight a complex gene-function relationship. 


effects. Consequently, the authors propose that 
the effect of three copies of chromosome 21 
on tumour number is distinct from that ofa 
typical tumour-suppressor gene, which affects 
tumour growth only byits presence or absence 
and not by its dosage. Rather, the effect of three 
copies of chromosome 21 is consistent with 
that ofatumour repressor. 

Sussan and colleagues* further demon- 
strated that, of the 33 genes affected in Ts1Rhr 
and Ms1Rhr mice, the expression levels of only 
one gene, Efs2, correlate directly with its copy 
number and inversely with tumour number in 
Apc mice. The authors confirmed that Ets2 
is the main tumour-repressor gene affected in 
Down's syndrome by specifically altering the 
number of this gene’s copies in Ts1Rhr mice 
andalso by investigating the effect of its dosage 
in Apc™ mice. 

This finding is surprising, because increased 
activity of the Ets2 protein, which regulates 
expression of a complex array of genes’, has 
historically been linked to cancer promotion. 
Forexample, a contrast to the repressive effect 
of Est2 on tumour number in Apc™ mice is 
that, in the PYMT mouse model of breast can- 
cer, the normal two copies of Efs2 are required 
in the stromal cells — which support cells 
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nearby cells and polyclonality, which probably enhances the survival 
of early intestinal tumours. b, Three copies of Ets? in epithelial cells 
may reduce early tumour growth, limiting changes to the local stroma. 
Acconsequence would be reduced inductive activity on nearby cells, 
lihood of tumour polyclonality and suppressing 
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"50 & 100 YEARS AGO 


50 YEARS AGO 

What Man May Be: The Human 
Side of Science by George 

Russell Harrison — It has been 
estimated that each year sees the 
discovery of at least one million 
new scientific facts, Very few of 
uswhoare scientists have the 
capacity to digest more than 
aminute fraction of this feast, 
and to see the pattern to which 

it contributes. Yet weare vastly 
better off than thenon-scientists, 
whose main contact with science 
is “through its slums, thehalf- 
world of suchthings as flying 
saucers and water dowsing”... 
This is an excellent book to give 
‘toalmost anyone who wants 
tounderstand that science has 
changed boththe things we do, 
and the way we think. There is not 
adull momentin it,and probably 
most of those who do read it will 
catch something ofthe infectious 
optimism that underlies each 
page. Onward and upward in the 
best of all possible worlds. 

From Noture 4 January 1958. 


100 YEARS AGO 

“The inheritance of 

‘acquired’ characters” (Sur la 
Transmissibilité de Charactéres 
acquis) by Eugene Rignano — 

Aman of science to command 
general attention and interest 
must dotwo things; first,he must 
make interesting discoveries or 
profound generalisations; and 
secondly, he must do things at 
the right time. Darwin made 

his name because he fulfilled 
both conditions. Mendel died 
‘anunknown man because he did 
not fulfil the second, He was forty 
years too soon... Ifitis possibly 
fatal to make discoveriestoo 
soon, it is certainly fatalto make 
them too late. It is therefore with 
certain sense of weariness, 
mingled with surprise, that we 
note the appearance of a work 
onthetransmission of acquired 
characters ... The author of 

the book before us, who is an 
engineer interested in sociology, 
believes in the transmission of 
acquirements, andhas invented 
a theory of centro-epigenesis to 
account for the phenomenon. 
From Nature 2 January 1908. 


within organs — for efficient tumour growth”. 
It seems, therefore, that Ets2 has context- 
dependent functions: in the Apc™” mice with 
intestinal cancer itis a tumour repressor and in 
the PyMT mice with breast cancer it functions 
as a tumour promoter within the non-cancer- 
ous stromal cells. Such anon-cell-autonomous 
function of Ets2 as a tumour promoter is con- 
sistent with observations® that Ets2 regulates 
the expression of genes within stromal cells 
to produce the extracellular matrix that is 
known to be essential for tumour growth and 
metastasis. 

‘Taken together, the tumour-promoting and 
tumour-repressive activities of Ets2 may pro- 
vide an intriguing explanation for the inverse 
correlation between Ets2 copy number and 
intestinal tumour number in Apc mice 
(Fig. 1). Previous studies have suggested that, 
in Apc™" mice, early tumour cells have an 
inductive activity on nearby cells, which leads 
to polyclonality — tumours originating from 
more than one cell population’. The activity of 
Ets2, which can regulate stromal function as 
well as tumour growth, may contribute to this 
polyclonality and subsequent tumour survival. 
Although speculative, this hypothesis can be 
tested with animal models such as those used 
by Sussan and colleagues”. 

These authors’ results undoubtedly provide 
insight into the contextual function of Ets2, but 
also reveal a paradox that will require further 
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study. The contradictory activities of Ets2 pre- 
dict a crucial point — individuals with Down's 
syndrome are ata lower risk of developing solid 
tumours, probably owing to the high Ets2 levels 
in their epithelial cells, but they might be ata 
greater risk of cancer metastasis. So therapeutic 
use of potential drugs with Ets2-like activity 
to reduce tumour incidence may have limited 
value, because aside effect of such drugs could 
be increased efficiency of metastasis'". None- 
theless, the findings of Sussan et al.” strongly 
warrant further investigation into whether 
natural variation in Ets2 expression levels is 
associated with differential susceptibility to 
solid tumours. : 
DavidW. Threadgill isin the Department of 
Genetics, University of North Carolina at Chapel 
Hill, North Carolina 27599, USA. 

e-mail: dwt@med.uncedu 
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Freedom for the poles 


Oleg Tchernyshyov 


Magnetic poles always come intwos, anorth and a south. That received 
wisdom has not stopped physicists from searching for ‘monopoles’ in 
accelerators and cosmic rays. Theory now indicates a better place to look. 


Despite some tantalizing clues for their exist- 
ence from the realms of quantum physics, 
magnetic monopoles — single magnetic poles 
without a partner — remain elusive after dec- 
ades of searching. Do they exist at all in the real 
world? On page 42 of this issue’, Castelnovo, 
Moessner and Sondhi argue yes: monopoles 
are alive and well in an exotic class of magnetic 
material known as spin ice’. 

Aniron magnet hastwo poles, north and 
south: Earth's iron core makes it an extremely 
large example of the genre. These poles are 
positive and negative magnetic charges, act- 
ingas sources and sinks of the magnetic field. 
In general, magnetic interactions are very 
similar to electrical interactions: like poles 
repel and unlike attract, with a force inversely 
proportional to the square of their separation. 
But whereas positive and negative electric 
charges can exist independently, magnetic 
poles always seem to occur in pairs. Rather as 


the sorcerer’s apprentice hacks his enchanted 
broom into pieces only for each to spring to 
life as a new whole broom, breaking a bar 
magnet in two yields smaller magnets, each 
with a north anda south pole, and an overall 
magnetic charge of zero. 

This asymmetry extends to the subatomic 
level. Elementary particles can carry a posi- 
tive or negative electric charge, but the mag- 
netic charge is zero without exception. Yet 
theory offers some hints that single magnetic 
poles might exist in nature. In the 1930s, 
Paul Dirac showed that magnetic monopoles 
could explain the observed quantization of 
electric charge. Extensions of the standard 
model of particle physics include particles with 
magnetic charge, 

One environment in which monopoles might 
pop up is crystalline solids, In a crystal at alow 
temperature, excitations above the ground state 
often behave like elementary particles; they 
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Figure 1 | Making monopoles. a, In the lowest-energy state, all the elements 
in achain of magnetic dipoles point in the same direction: the north pole 
(magnetic charge +q,) of one magnet touches the south pole (magnetic 
charge -q,) ofthe next. The charges cancel out all the way along the 

string, except at the ends., Flipping one of the dipoles in the middle 


excites the chain out of its ground state, creating two 


+2jy.aNd ~2q. ¢, Each of these charges can be moved independently of 
the other by flipping dipole next to it — they are free monopoles. 


carry a quantized amount of energy, momen- 
tum, electric charge and spin. In their theoreti- 
cal study, Castelnovo et al. find the first instance 
of such an excitation with a non-zero magnetic 
charge. Under certain conditions, these mag- 
nets behave as a gas of independent magnetic 
poles. There is even a phase transition atwhich 
a thin vapour of these monopoles condenses 
intoa dense liquid. 

Howa monopole can be created in aworld 
of magnetic dipoles can be understood by 
considering a one-dimensional string made 
by laying tiny dipoles end to end. In this case,a 
single misaligned dipole gives rise to two inde- 
pendent magnetic charges that can be moved 
far apart, for the price of putting some energy 
into the system (Fig. la-c). The monopoles 
that arise are boundaries separating regions 
with perfectly aligned dipoles. These topo- 
logical defects, known as domain walls, or 
‘kinks; have recently been studied in magnetic 
nanowires’. 

The emergence of free magnetic monopoles 
is an example of the phenomenon known as 
‘fractionalization’: that the collective behaviour 
of many particles in a condensed-matter sys- 
tem is most effectively described in terms of 
fractions of the original particles. Fractionali- 
zation is often tied to topological defects* and 
is common in one-dimensional systems, such 
as the string already mentioned. The only con- 
firmed case in two dimensions is the fractional 
quantum Hall effect, which occurs in a cold gas 
ofelectrons placed in a strong magnetic field’. 
Measurements of conductance® and electrical 
noise’ in this system indicate the involvement 
of ‘quasiparticles’ with one-third of an elec- 
tron’ charge. 

Castelnovo and colleagues provide the 
first example of fractionalization in a three- 
dimensional system. But how does the phys- 
ics of free monopoles on a string survive ina 
higher-dimensional setting? The answer lies in 
the special nature of the ground states of the 
authors’ chosen system, spin ice, which allows 
one-dimensional ideas to be transferred to two 
and three dimensions (Fig, 1d,e), 

The monopoles in spin ice are magnetic 


magnetic charges 


analogues of electrically charged defects H,O* 
and OH” in water ice. The movement of these 
defects through water ice causes it to conduct 
electricity whenan electric field (potential dif- 
ference) is applied across it. Might it be possible 
to create a steady magnetic current in spin ice 
by placing it in a magnetic field? Unfortunately 
not. The motion of akinkalters thestate of a 
string, making it impassable to the next mag- 
netic charge. In water ice, a kink of a different 
flavour, known asa Bjerrum defect’, repairs the 
damage done by the original defect. Because 
there is no analogue of Bjerrum defects in spin 
ice, magnetic monopoles are somewhat limited 
in their motion, and cannot sustain a direct 
magnetic current. 

That still leaves the possibility of generating 
an alternating magnetic current, which would 
be interesting in its own right. In any case, 
learning how to move magnetic monopoles 
around would be a step towards technologies 
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The price of lice 


Andrew A. Rosenberg 
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d, Castelnovo et al’ study spin orientations in spin ice. Shown here is square 
spin ice, a two-dimensional variant that has been produced in an artificial 
form, as an array of nanoscale magnets", Four magnetic poles meet at each 
point on the square lattice, and the energy is lowest when two are north 
poles and two are south poles. Spin ice in the ground state can be construed 
asa series of strings of magnetic dipoles embedded in a higher-dimensional 
laitice.e, Flipping dipoles on a single string (the black one) creates a pair of 
well-separated magnetic poles just as in one dimension. 


such as magnetic analogues of electric circuits 
and magnetic memories” operating on the 
atomic scale. : 
Oleg Tchernyshyovis in the Department 

of Physics andAstronomy, Johns Hopkins. 
University, 3400 North Charles Street, Baltimore, 
Maryland 21218, USA. 

e-mail: olegt@jhu.edu 
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Wild salmon stocks in Canadian coastal waters are being severely affected 
by parasites from fish farms. So intense are these infestations that some 
populations of salmon are at risk of extinction. 


The global demand for fish is on the rise, and 
farmed sources are taking much of the strain 
— the catch of wild fish has levelled off, and 
may well be declining’, but aquaculture pro- 
duction is expanding rapidly’. The ecological 
costs of that expansion can be heavy, however, 
as Krkodek et al. showin Science’. The message 
of their paper is that there are some serious 
issues that cannot be ignored ifthe expansion 
of aquaculture is to be productive rather than 
destructive, 

Consumers can readily see the shift towards 
aquaculture, particularly for products such as 


farmed salmon, which has become a staple of 
supermarkets and restaurants in Europe and 
North America. Those buying fish will be aware 
of press reports of overfishing and resource 
depletion. Some may even look for eco-labels 
or carrya little card to guide them towards the 
purchase of sustainable products. As my col- 
league Carl Safina has said, “Give a mana fish 
and you have fed him for a day. Giveamana 
seafood choice card and you have made him 
impossible to dine with” 

But aquaculture products tend to be sub- 
ject to less public attention, even as issues 
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ranging from habitat destruction to 
the effects of using wild fish to feed 
farmed stocks* become of greater 
concern. The emphasis of aquacul- 
ture development has, not surpris- 
ingly, been on increasing production, 
lowering costs and improving prod- 
ucts. These needs of the industry 
have been well served by the sci- 
ence of fish farming. Unfortunately, 
however, research pointing out the 
environmental costs of production 
has been viewed as an attack on the 
industry, rather than asa challenge to 
be tackled and overcome. 

Krkodeket al.’ have provided new, 
empirical evidence of the environ- 
mental costs of the nearshore, net- 
pen aquaculture of salmon — the 
pending extinction of several populations of 
wild pink salmon, Oncorhynchus gorbuscha, 
on the coast of British Columbia. Until now, 
most research on the effects of net-pen aquac- 
ulture has revealed instances of certain conse- 
quences, such as the competition of wild fish 
with escaped farm stocks for spawning habi- 
tat, but not of effects at the population level. 
Krkoiek and colleagues’ analysis of 142 popu- 
lations of pink salmon shows that wild stocks 
adjacent to fish farms have suffered dramatic 
increases in mortality of juvenile fish owing to 
infestation by sea lice, Lepeophtheirussalmonis 
(Fig. 1), and that most of the exposed popu- 
lations are at risk of extinction within four 
salmon generations. It is the location of the 
salmon farms, compounded with the tendency 
of sea lice to proliferate near intensive farm 
facilities, that are cause for concern. Although 
farmed salmon can be treated to reduce sea- 
lice infestation, wild stocks have no such pro- 
tection. As juvenile wild salmon emerge from 
rivers, their migration route runs a gauntlet of 
salmon aquaculture pens and, therefore, high 
levels of salmonlice. 

The lesson of this analysis* is that neither 
fisheries science nor the aquaculture industry 
can be driven solely by the desire to increase 
production. Many aquaculture facilities are 
set in complex ecosystems, and influence the 
structure and function of those ecosystems. 
Policy-makers must ensure that the environ- 
mental costs are evaluated and monitored,and 
are factored into decisions about farm location 
and expansion. The argument that costs will be 
unfairly passed on to consumers rings hollow, 
because ifsuch costs are not controlled, we the 
public eventually bear them in their entirety. In 
sucha circumstance, thereis little incentive for 
producers to reduce environmental impacts. 
‘The results of KrkoSek and colleagues’ study, 
and their warning that the terrible cost of 
extinction of wild-salmon stocks is not far off, 
highlights that point. 

Net-pen aquaculture is not just about 
salmon, As the industry expands into other 
species, such as cod, halibut and sablefish, 
the same concerns over the location of farms, 
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Figure 1|Salmon louse. ‘This marine organism belongs to a group of 
crustaceans known as copepods. It feeds on the external surfaces of fish, 
and can eventually kill them, 


disease and parasite transmission, and other 
impacts will certainly apply to these species too. 
Itis vital to assess the potential environmental 
costs and to reduce them before the advent of 
large-scale farming of these species. 

Can we design aquaculture systems that 
reduce ecosystem impacts, or eliminate some 
of them entirely? | think that we can, but not 
with a confrontational mentality. Overfishing 
of wild stocks is not a contrived problem, nor 
is it unsolvable: good management practices 
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are often contentious and difficult 
to implement, but ultimately they 
can work. Similarly, the problems 
facing the aquaculture industry 
are not unsolvable, but denial that 
those problems exist will not pro- 
vide answers. In the case of salmon 
lice, solutions include adhering to 
strict guidelines on the introduc- 
tion and transfer of non-native 
fish, and siting of net pens away 
from areas where wild stock is 
vulnerable. Overall, the priority in 
aquaculture should be to anticipate 
any adverse environmental con- 
sequences and to tackle them at 
that stage, rather than struggle to 
recover after those consequences 
are already apparent. . 
Andrew A. Rosenberg is at the Institute for the 
Study of Earth, Oceans and Space, University 

of New Hampshire, Durham, New Hampshire 
03824-3525, USA. 

e-mail: andy.rosenberg@unh.edu 
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In many species, males have developed strategies to safeguard their 
genetic material from dilution by that of competing males. Fruitflies achieve 
this by altering the behaviour of their partners. 


Sex can be transformative. Humans often 
romanticize the after-effects of copulation, but 
for most organisms there are real biological 
consequences to mating that go beyond the 
transfer of sperm, Most species have strategies 
for protecting their genetic investment that 
can involve alterations in both the biology and 
behaviour of the mating partners. For example, 
in the fruitfly Drosophila melanogaster a com- 
ponent of seminal fluid, known as sex peptide, 
leads to increased egg-laying by the mated 
female and behavioural changes that reduce the 
likelihood of her re-mating. How sex peptide 
triggers such a complex array of effects was 
unknown. On page 33 of this issue, Yapici 
etal.’ identify the receptor for sex peptide and 
show that it is expressed in the reproductive 
tract and in a subset of female neurons believed 
to be involved in sexual behaviour, 
Enhancing the survival of potential progeny 
isacommon goal of males in many species. In 
mammals, intercourse changes the immuno- 
logical environment of the female reproductive 


tract, increasing the probability of successful 
fertilization and implantation’. This type of 
post-copulatory effect benefits both the male 
and female partner. For many species there are 
also other mating-associated events that appar- 
ently maximize the reproductive success of just 
one of the involved parties, often at the expense 
of the other. An obvious example of this is mate 
guarding. Males of many avian, reptile, rodent, 
primate and insect species remain close toa 
recent conquest to lower the probability ofher 
re-mating with a more desirable male and so 
diluting or displacing their own sperm. The 
female may benefit in terms of decreased pre- 
dation, but she loses any opportunity to better 
the genetic lot of her offspring. The success 
of this strategy for the male depends on 
his vigilance, and potentially decreases his 
chances of mating with other females, so is not 
without cost. 

Nature has also come up with more subtle 
forms of mate guarding, In snakes’ and various 
insect species**, mating can lead to changes 
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in the female pheromone profile that decrease 
theattractiveness of mated females to subse- 
quent suitors. Females’ behaviour can also be 
modulated by mating. In rodents, exposure to 
dominant-male pheromones induces a female 
preference for dominant versus subordinate 
males that may involve introduction of new 
neurons into neural circuits’. Similarly, female 
jewel wasps change their response to male 
sex pheromones from attraction to aversion 
after mating’, and in D. melanogaster mated 
females will actively reject courtship, kicking 
and running away from anewmale’. This type 
of ‘mate guarding’ does not requirethe contin- 
ued presence of the successful male, maximiz- 
ing his ability to mate with other females while 
still protecting his DNA investment. Many of 
these after-effects are generated by chemicals 
produced by the male and transferred to the 
female in his ejaculate. 

The best-understood example of a behav- 
iourally active seminal-fluid component is 
sex peptide in D. melanogaster’. It is produced 
in the male accessory gland, a prostate-like 
structure, and is absorbed into the female cir- 
culation from the vaginal tract. Behaviours 
resulting from sex-peptide absorption include 
increased egg-laying and reduced receptivity to 
male courtship. Previous studies indicated that 
there are binding sites for sex peptidein the 
brain’, but the nature of the receptor or recep- 
tors was unknown. 

‘To identify the receptor, Yapici etal." carried 
out an RNA-interference-based genome- 
wide screen for genes required in females for 
post-copulatory behaviours; they reasoned 
that genes whose reduced expression blocked 
mating-induced increases in egg-laying would 
be candidates. This approach identified a gene 
for a putative G-protein-coupled receptor. 
Reducing the expression of this gene did not 
affect the receptivity of virgin females or sperm 
storage in mated females, but it completely pre- 
vented the development of post-copulatory 
behaviours in either mated females or virgin 
females injected with sex peptide. 

‘To determine whether their candidate gene 
was a bona fide sex-peptide receptor (SPR), 
the authors expressed it in mammalian cells 
maintained in culture. They found that sex 
peptide and DUP99B —a seminal-fluid com- 
ponent that can also mediate the switch to 
mated-female behaviour — activate SPR with 
nanomolar affinity. Other Drosophila neuro- 
active peptides whose receptors are closely 
related by sequence to SPR did not activate 
it. SPR homologues from other drosophilids, 
Bombyx mori and Aedes aegypti, also responded 
robustly to sex peptide and DUP99B, indicat- 
ing that SPR is not unique to D. melanogaster. 

The distribution of SPR provides some clues 
to how it might effect behavioural changes. The 
authors demonstrate that SPR is present both 
in the reproductive organs of the female and 
on the plasma membranes ofneurons close to 
the surface ofthe central nervous system. Pre- 
vious work by this group’® has suggested that 


Drosophila neurons that express a putative tran- 
scription factor encoded by the fruitless gene 
are required for suppressing mated-female- 
like rejection behaviours. Yapici et al. now 
find thata subset of these neurons also express 
SPR, implying that sex peptide modulates 
these neurons. They used RNA interference to 
decrease SPR expression in fruitless-express- 
ing cells, and overexpressed SPR in mutant flies 
that could not express it, to demonstrate that 
expression of SPR in this subset of cells is both 
necessary and sufficient for the development 
of post-copulatory behaviour. 

For students of neurobehaviour, the most 
interesting finding of Yapici and colleagues’ 
study is that, in SPR, they now have another 
specific molecular tag for cells involved in an 
intriguing and ‘plastic’ behaviour, allowing 
them to perform a complete analysis of this 
behavioural circuit. The more global impact 
of the work, however, is that it provides a new 
target for the development of insect-control 
compounds. That SPR-like receptors exist in 
most sequenced insect genomes suggests that 
antagonists of this receptor could be used to 
reduce insect populations by blocking egg 
maturation and extrusion, or perhaps SPR 
agonists could be used to make virgin females 
reject mating. Although the irony of having 
their own weapon turned on them will doubt- 
less be lost on the male insects, it is a satisfying 
and potentially specific approach. 

Another question raised by this work 
is: how widespread is this type of ‘mating- 
induced mind control’? Atleast one species of 
yertebrate, the red-sided garter snake, dem- 
onstrates mating-induced reductions in 


After mating, male fruitflies 
don't have to stand by and 
guard their transferred genetic 
material — sex peptide in their 
semen will do the job. 


female receptivity’. Obvious homologues of 
sex peptide and SPR have not been identified 
in vertebrates, but this is not surprising given 
that genes involved in reproduction havea very 
fast rate of evolution — precisely because they 
are involved in reproductive behaviour — and 
this variation promotes the differentiation of 
species". Although sequence mining has not 
found much homology along the phylogenetic 
tree, using more subtlealgorithms to analyse 
protein structure and function indicates that 
there are fairly striking similarities between 
components of Drosophila and vertebrate semi- 
nal fluid’. Perhaps there is yet another reason 
to use a condom, ladies. 

Leslie C. Griffith is in the Department of Biology, 
Volen Center for Complex Systems and the 
National Center for Behavioral Genomics, 
Brandeis University, 415 South Street, Waltham, 
Massachusetts 02454-9110, USA. 

e-mail: griffith@brandeis.edu 
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NEWS & VIEWS 


CARBON CYCLE 


Sources, sinks and seasons 


John B. Miller 


Changesin the phasing of seasonal cycles of carbon dioxide in the 
atmosphere mark the time when a region becomes a source ora sink of CO,. 
One study of such changes prompts thought-provoking conclusions. 


Weare currently getting a 50% discount on the 
climatic impact of our fossil-fuel emissions. 
Since 1957, and the beginning of the Mauna 
Loa record of atmospheric carbon dioxide, 
only about half of the CO, emissions from 
fossil-fuel combustion have remained in the 
atmosphere, with the other half being taken up 
by the land and ocean. In the face of increas- 
ing fossil-fuel emissions, this remarkably 
stable ‘airborne fraction’ has meant that the 
rate of carbon absorption by the land and 
ocean has accelerated over time’. Unfortu- 
nately, we have no guarantee that the 50% 
discount will continue, and if it disappears we 
will feel the full dimatic brunt of our unrelent- 
ing emission of CO, from fossil fuels. Indeed, 
climate models that include descriptions of the 
carbon cycle predict that terrestrial uptake of 
carbon will decrease in the next century as 
climate warms”. As they describe elsewhere 
in this issue (page 49), Piao et al.’ have used 
observational data to show that rising temper- 
atures may already be decreasing the efficiency 
of terrestrial carbon uptake in the Northern 
Hemisphere. 

Piao ef al. looked at changes in the phasing of 
seasonal cycles of atmospheric CO, concentra- 
tions at ten sites north of about 20° N. Seasonal 
cycles of atmospheric CO, are caused prima- 
tily by the terrestrial biosphere moving from 
being a netsource of carbon to the atmosphere 
(mainly in winter) to becoming a net sink 
(mainly in summer), where net carbon uptake 
or release is determined by the balance between 
photosynthesis and respiration. Changes in the 
phasing therefore reflect changes in the timing 
of when the land is a net sink or source to the 
atmosphere. 

Piao et al. used a metric for the phasing 
knownas the ‘zero-crossing date’ (the ZC date, 
which is when the seasonal cycle crosses the 
line that delineates the calculated long-term 
trend in CO, concentration; Fig. 1). They found 
that higher temperatures led to earlier ZC dates 
and colder temperatures to later ones. Given 
the trend towards warmer autumn tempera- 
tures, they also found that the ZC was occur- 
ring an average of 0.4 days earlier per year. In 
addition, they identified a temperature corre- 
lation with the ZC dates and a trend towards 
earlier ZC in the spring that was similar toa 
trend evident in a previous analysis of data 
from between the 1970s and 1990s". But, most 
significantly, Piao et al. found that theadvance- 
ment of theautumn ZC was occurring at nearly 
the same rate as the advancement of the spring 
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Figure 1 | Zero-crossing (ZC) dates. These dates, 
shown by red dots, are defined as the time when 
the annual cycle of atmospheric CO, crosses the 
calculated long-term trend in CO, concentration. 
In spring, this occurs as net CO, uptake is 
increasing and atmospheric CO, concentration 

is falling, and in autumn as net CO, release is 
increasing andatmospheric CO, concentration 

is rising. The phasing of this cycle is determined 
by net carbon uptake or release throughout 
theyear, which, in turn, isthe balance between 
respiration and photosynthesis. Because net flux 
is the relatively small differencebetween the much 
larger photosynthetic and respiratory fluxes, small 
fractional changes in either photosynthesis or 
respiration can havelarge impacts on the timing 
of the CO, seasonal cycle. Piao et al.’ observed 
trends (blue arrows, indicating. shift in the cycle 
from the dashed to solid line earlier each year) in 
both the spring and autumn ZC date, indicative of 
a changing balance between photosynthesis and 
respiration brought on by increasing temperature. 


ZC, meaning that gains of carbon uptake dur- 
ing spring were being cancelled out by carbon 
releases in autumn. 

‘The shrinking autumn-uptake signal seems 
to contradict earlier satellite-derived ‘green- 
ing’ trends** that showed a lengthening of the 
growing season in both spring and autumn in 
the Northern Hemisphere. To better under- 
stand this apparent conflict, Piao et al.” used 
a computer model of the terrestrial biosphere 
to help separate the observed ‘bottom line’ net 
carbon fluxes of the atmospheric observations 
into atmospheric debits (photosynthesis) 
and credits (respiration) that are mechanisti- 
cally relevant. The model results suggest that 
increased autumn respiration (triggered by 
warmer temperatures) dominated over the 
autumn photosynthetic gains that were seen 
by the satellites as a longer green period. 
Moreover, the model also shows that the loss 
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of carbon in autumn seems to largely cancel the 
uptake gains made by earlier, greener springs, 
just as the atmospheric data did. 

Piao and colleagues’ results link temperature 
and carbon uptake, but using them to predict 
the future trajectory of carbon uptake is tricky. 
Even if we know that temperatures will increase, 
we still need to know temperature trends for 
spring and autumn. If spring temperatures 
rise more quickly than those in autumn, sinks 
could get larger, whereas more rapid increases 
in autumn temperatures would cause sinks to 
diminish. Furthermore, the authors point out 
that, so far, spring temperatures have been ris- 
ing faster in Eurasia than in North America, 
whereas autumn temperatures have been rising 
faster in North America, adding a level of geo- 
graphical complexity to future projections. 

Even for now, however, the picture remains 
incomplete. Just as measures of greenness 
from space can't determine total carbon bal- 
ance because they miss the respiratory side of 
the equation, so the study by Piao et al. doesn’t 
address carbon balance in the winter and sum- 
mer. And the annual net carbon balance is what 
is needed in order to understand whether car- 
bon sinks are disappearing, remaining steady 
or getting stronger. 

In light of Piao and colleagues results, and of 
two recentstudies showing diminishing ocean 
sinks in the critical carbon-uptake areas of the 
North Atlantic’ and Southern Ocean’, it may 
seem odd to consider that carbon sinks might 
be getting stronger. But this is exactly what the 
steady airborne fraction of global CO, is telling 
us. The global CO, signal is most significant for 
two reasons: first, itis the most robust determi- 
nation of carbon uptake, because the errors in 
atmospheric observations and fossil-fuel emis- 
sionsare very small; and second, the global CO, 
signal is the onethat is relevant for the radiative 
balance that drives global climate change. 

So, what gives? For every report ofa shrink- 
ing sink, there should be even more reports of 
increasingsinks to satisfy the global constraint. 
Its possible that we are not looking in all the 
right places. For example, given the high and 
increasing’ amounts of biomass productiv- 
ity in the tropics, and how poorly observed 
they are, it would not be surprising ifsome of 
the increasing sinks were there, Indeed, some 
studies show increasing biomass (that is, 
sinks) in tropical forest plots”. 

Making more observations in the trop- 
ics, and in other poorly observed regions in 
the ocean and on land, will certainly help us 
find the sinks necessary to balance the global 
numbers. But as Piao and colleagues’ study* 
has shown, to develop greater mechanistic 
understanding (and thus predictive power), 
there is also a great need to identify obser- 
yational constraints on photosynthetic and 
respiratory fluxes. . 
John B, Miller is at the University of Coloradoand 
the NOAA Earth System Research Laboratory, 
325 Broadway, Boulder, Colorado 80305, USA. 
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Kosmas L. Tsakmakidis and Ortwin Hess 


A proposal for transporting photons invisibly between two unconnected 
points in space seems worthy of a Star Trek plot. Butit is in principle wholly 
realizable, and could open up new vistas — literally. 


Imagine walking down a footpath, staring 
unconcernedly at the clear track in front of 
you. Suddenly, you stumble over an object. You 
look down, but there is nothing to be seen on 
the ground. You step back and try a different 
angle of view, again without success. But you 
know something must be there, because you 
can feel it. 

This situation is brought a step closer to real- 
ity with a device dreamt up by Greenleafet al. 
and described in Physical Review Letters. The 
authors propose a way of creating an ‘invisible 
tunnel’ through which photons, theelementary 
particles of light, can propagate between two 
seemingly unconnected points. To an observer 
standing where they emerge from their tunnel, 
the photons seem to come from nowhere. To 
an external viewer, they seem to be teleported 
from one place to the other. And anything 
within the tunnel cannot be seen by anyone. 
In analogy to the infamous ‘wormholes’ 
—a prediction in general relativity of tun- 
nels through space-time that connect distant 
areas of the Universe — the authors call their 
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brainchild an electromagnetic wormhole. 

The wormhole works (in theory) by neatly 
combining concepts from differential geom- 
etry, general relativity, electromagnetism and 
the theory of ‘metamaterials”. Metamaterials 
are composite, nanostructured materials with 
specifically tuned electromagnetic properties. 
‘The authors construct the tunnel wall of their 
wormhole using a metamaterial layer that is 
designed to bend light waves around it without 
reflection, much as water waves bend around 
atree branch orsimilar obstruction lying just 
below the surface of the water. This layer thus 
renders whatever is inside it invisible. The 
idea draws on techniques proposed” for the 
creation ofan ‘invisibility cloak’ (Fig. 1a) —a 
device that has already been constructed and 
proved viable, atboth microwave’ and optical’ 
wavelengths. 

The advance in Greenleaf and colleagues’ 
scheme’ is that a cloaked object can ‘see’ into 
the outside world at the end of the tunnel, 
because photons are also free to propagate 
through it. The tunnel ‘deceives’ photons into 
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Figure 1| It’s behind you. a, The invisibility cloak devised by Pendry et al. uses specially structured 
‘metamaterials’ to open up a ‘hole’ in photon-space, inside which one can place an object. Photons are 
naturally redirected around the object, rendering it invisible, at least when viewed with photons ata 
certain wavelength. b, Greenleaf and colleagues’ electromagnetic wormhole’ is a natural extension 

of the invisibility idea, with exciting potential applications. For example, in principle two flexible 
wormholes attached to the frame of a specially designed pair of half-moon spectacles could project 
the photon-space behind the head to the half-moon area of the lenses, providing a seamless 360° view. 


thinking that remote regionsare connected to 
each other so that they naturally follow the path 
inside the cylindrical channel. This cylinder is 
not part of conventional three-dimensional 
space, but is part ofa higher-dimensional space 
outside it. Its topology is rather like the handle 
of a coffee cup connecting two areas of the 
cup’s surface. If the handle is hollow and has 
two open ends, it presents an alternative route 
(other than staying on the surface of the cup) 
for getting from the one place to the other. 

The key to the realization of this scheme 
is that this new photon-space does not natu- 
rally exist in real space. Rather, using suitable 
coordinate transformations, the authors tweak. 
Maxwell's equations — the set of equations that 
describe the workings ofelectromagnetic waves 
— to simulate it. The equations retain their 
form on passing from the real to an artificial 
photon-space; the only thing that is required to 
complete the deception of the photons is to 
modify the values of the electric permittivity and 
magnetic permeability (numbers that codify 
the degree to which a material allows electric 
and magnetic fields to pass). 

Such a concealed communication channel 
could be deployed for military purposes for the 
secret transmission of information or stealth 
technologies. But it might also find its way 
into civilian applications: rerouting mobile- 
phone signals around obstacles, for example, 
or shielding sensitive medical devices from 
interference by magnetic resonance imag- 
ing scanners. But the possibilities don't end 
there. Two of Greenleaf and colleagues’ invis- 
ible electromagnetic tunnels, built into the 
frame of a pair of special half-moon specta- 
cles, would effectively ‘glue’ the photon-space 
behind the head to the photon-space in front 
of the eyes, allowing one literally to watch one’s 
back (Fig. 1b). 

Currently, metamaterial technology allows 
the construction of invisibility cloaks that work 
well for only limited range of frequencies. The 
electromagnetic wormhole in its present form 
can also be only short, otherwise the image of 
an object being transmitted through it becomes 
noticeably distorted. The true potential of such 
schemes will become clear in future experimen- 
tal tests, What is plain now is that innovations 
are coming thick and fast in this burgeoning 
world of transformation optics. a 
Kosmas L. Tsakmakidis and Ortwin Hess are 
at the Advanced Technology Institute andthe 
Department of Physics, University of Surrey, 
Guildford GU27XH, UK. 

‘e-mail: o,hess@surrey.ac.uk 


1. Greenleaf, A, Kuryley, Y,,Lassas, M.S: Uhlmann, 6, 
Phys. Rev. Lett. 99, 183901 (2007). 

2, Eleftheriades,G. V. &Balmain, K.G.Negative Refrection 
‘Metamaterials Fundamental rinciples and Applications 
(Wiley-IEEE Press, Hoboken, NJ, 2005). 

3. Pendry,J.B, Schurig,D.& Smith, D.R. Science 312, 
1780-1782 (2006). 

4, Leonhardt, U, Science312, 1777-1780 (2006), 

Schur, D. eto, Science 314, 1780-1782 (2006). 
. Cai, W, Chettiar, U.K, Kildishew, A. V. & Shalaev, V. M, 
‘Nature Photon.1, 224-227 (2007), 


an 


NEWS & VIEWS 


OBITUARY 


Alan J. Southward (1928-2007) 


Marine biologist: a pioneer of marine ecosystem time series. 


Alan Southwards many contributions set 
him among the most influential figures of 
twentieth-century marine science. Much 

of his career was spent at Plymouth, in 
Devon, an ideal location for studying how 
environmental changes affect marine 
ecosystems: the western English Channel 

and its approaches form a boundary between 
oceanic and coastal waters, as well as between 
two biogeographical provinces. 

In the 1890s, plankton surveys were started 
inthis region by the Marine Biological 
Association of the United Kingdom (MBA). 
Several time series were established, including 
those of zooplankton by Frederick Russell in 
the 1930s. Southwardstarted baseline surveys 
of intertidal organisms around the British 
and Irish coasts in the 1950s, and later took 
over the Plymouth zooplankton time series. 
Usingold records, he demonstrated how 
the distribution of organisms changed with 
changing sea temperatures. This was long 
before the advent of concern about global 
warming; his work laid the foundations for 
subsequent studies of climatic effects on 
marine ecosystems. 

Southward was born in Liverpool, the son 
ofa Cunard engineering fitter. He contracted 
meningitis at 15, with the result that he lost 
his hearing and sense of balance, andhad to 
learn to balance by eye. Aninterest in shore 
organisms led him to study zoology at the 
University of Liverpool, graduating in 1948. 
Doctoral studies followed, on the ecology 
ofintertidal animals, at Port Erin Marine 
Laboratory on the Isle of Man. Itwas there 
that he met, andlater married, his lifetime 
scientific partner, Eve Judges. 

In 1953, the year the MBA acquired the 
side-trawler Sarsia for offshore studies, 
Southward moved to Plymouth as a 
postdoctoral fellow. He was on the MBA 
staff from 1956 until his retirement in 1988, 
and continued working there until his death 
on 27 October 2007. He initially followed 
inthe steps of Charles Darwin, the most 
famous student of barnacles, in showing how 
studies on barnacle distribution could allow 
inferences to be made about biogeographical 
barriers. His early intertidal surveys were 
used to quantify the damage caused by the 
detergent used to disperse the Torrey Canyon 
oil spill in 1967; morenotably, he showed how 
long it took for the ecosystem to recover. 

From the early 1950s onwards, Southward 
showed how minor changes in environmental 
conditions, especially temperature, correlated 
with changing geographical ranges of 
intertidal and planktonic organisms. He 
worked with Russell, and others, describing 


28 


theevents leading to the 1930s collapse of 
the herring fishery and the replacement of 
herring by pilchards. Their seminal paper, 
published in 1971, linked changes in water 
mass and water chemistry to changes in 
plankton species and abundance. Subsequent 
studies on cyclical and long-term changes in 
the marine ecosystem led to an understanding 
of the causes of these changes, andto 
predictions of the consequences of rising sea 
temperatures. 

‘The Southwards first used Sarsia for deep- 
sea studies in 1956, dredging the continental 
slope for barnacles, which involved long hours 
of noisy winch work. The scientists’ cabins 
were directly under the winch, making sleep 
difficult — except for Southward, whose 
deafness proved a boon (likewise his immunity 
to seasickness, although he was, once, reported 
to have felt uncomfortable ina force 12). 

Looking through dredge sievings, the 
Southwards noticed hair-like organisms that 
had probably been ignored previously because 
they resembled the fibres of the dredge nets. 
‘They became fascinated by these small, 
mouthless, gutless tubeworms, known as 
pogonophores, and investigated whether they 
could obtain nutrition from dissolved organic 
compounds in the sediment. Following 
the 1977 discovery of hydrothermal vents 
and giant pogonophores (vestimentifera) 
onthe Galapagos Rift, Colleen Cavanaugh 
showed that sulphur-oxidizing bacteria living 
symbiotically within the vestimentiferans 
supplied them with their nutrition by 
chemosynthesis. Itsoon emerged that the 
small pogonophores of the continental slope 
also contained such bacteria. 

Several cruises to the slope were spent 
looking for the bacterial energy source 
because, unlike the vents, hydrogen sulphide 
and methane were almost absent there, 
Finally, Southward negotiated funding 
to studya shallow pogonophore habitat 
near Bergen, Norway. Two bivalve species 
were found, also with chemosynthetic 
bacteria, living alongside the pogonophores. 
Eventually, it was deduced that all these 
organisms ‘mined’ sedimentary iron 
sulphides to obtain energy for bacterial 
carbon dioxide fixation. In this way, 
chemosynthetic ecosystems were shown to be 
widespread in reducing sediments, from the 
intertidal regions to the deepsea. 

Southward continued studying 
pogonophores throughout his life, a final 
paper being completed just before his death. 
Research came full circle with the conclusion 
that many pogonophores are ‘mixotrophic, 
depending on both endosymbiotic 
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bacteria and dissolved organic matter. 
Inretirement, Southward tumed to the 
study of hydrothermal-vent ecosystems. 
This was aided by an invitation to become an 
adjunct professor at the University of Victoria, 
Canada, to study vents in the Pacific. He was 
an early user of stable-isotope data to follow 
nutritional pathwaysin such ecosystems in 
the Atlantic, Mediterranean and the Pacific. 
Southward was an excellent writer and 
stimulating speaker. For 20 years he was a 
meticulous editor of Advances in Marine 
Biology, with an uncanny eye even for 
the missing comma ina reference list. He 
encouraged scientists from the Soviet Union 
to publish reviews in English to gaina 
wider audience. This led to a heavy editing 
workload, not least in coping with the authors’ 
‘Russish; but Southward justifiably obtained 
great satisfaction from seeing their work in 
print. Following the break-up of the Soviet 
Union, there was little funding for Russian 
marine biologists, and Southward worked 
hard to find Western sources of money to 
keep them in post. 
Alan Southward was an innovative, 
multi-disciplinary scientist, one measure 
of his encyclopaedic knowledge being 
the impression he left on postgraduates at 
Victoria by his ability to advise them on any 
research project. He published prolifically, 
with 11 papers stemming from his doctoral 
studies alone; overall, he published 200 
papers, along with two books (Life on the 
Seashore and British Barnacles). He could 
be impatient, especially with administrators 
who took a short-term view, but devoted 
much time to encouraging young scientists. 
Southward was one of the greatest marine 
biologists of his generation, and leaves an 
internationally regarded legacy of dedication 
and achievement. 
Paul R. Dando 
Paul R. Dando, of the Marine Biological 
Association of the United Kingdom, is at the 
School of Ocean Sciences, Bangor University, 
Menai Bridge LL59 SAB, UK. 
e-mail: oss109 @bangor.ac.uk 
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Extrasolar planets 


Dimitar D. Sasselov 


Hundreds of planets are known to orbit stars other than the Sun, and unprecedented observations of their 
atmospheres and structures are being made. It's an invaluable opening for understanding the planets’ diverse 
natures, the formation of our Solar System, and the possibility of habitable planets beyond our home. 


How many planets outside our Solar 
System have we found so far? 

The number is going up week by week, but at 
the moment there are about 270 confirmed 
extrasolar planets — exoplanets, as they're 
known in the jargon. Not bad, considering the 
first one was discovered just 13 years ago, and 
they're not that easy to spot. 


What makes exoplanets difficult to find? 
They are, by definition, far away and orbiting 
close to a star that is far bigger and brighter 
than them. Light contrast ratios of 10'° (at 
visible wavelengths) to 10” (in the infrared) 
betweena star and planet make direct detec- 
tion by imaging extremely hard. Exploiting 
mass ratios, which are generally in the region 
of 10°-10*, is slightly less daunting. Indeed, the 
most popular way of spotting an exoplanet is 
through a star's ‘wobble, which is caused by the 
gravitational pull of an orbiting planet. This 
is measured through the Doppler effect —a 
shift in wavelength — in the spectrum of vis- 
ible light from the star. Its a tiny effect, propor- 
tional to the mass ratio. Measuring it requires 
patience, because the wobble must be followed 


for at least one complete orbit of the planet. A 
wobble can also be detected directly by care- 
fully observing the position of the star with 
respect to other stars (a technique known as 
astrometry), but this is technically even more 
demanding. 


What other ways are there of finding 
exoplanets, besides the Doppler effect? 
Gravitational lensing is another common 
method, and also exploits the star-planet mass 
ratio. For this, a source of light is needed, usu- 
ally another star, behind the star being inves- 
tigated. As we look at it, the light from the 
background star will be bent by the gravity of 
the intervening star. If the intervening star has 
an attendant planet, this will alter the lensing 
effect in a noticeable way. 


And what about the transiting method? 
Transiting is perhaps the most fruitful method 
of observation, because of the information we 
can glean about the planet. It exploits the least 
daunting inequality between star and planet 
— the factor 10 to 100 difference in size. As it 
passes across the disk of its parent star, a planet 


will dim the star's light by a fraction (R,/R,)*, 
where R, and R, are the respective radii of the 
planet and star. For a planet the size of Jupiter 
and a star the size of the Sun, this dimming 
effect would be roughly 1%, which is easily 
detectable even with amateur equipment. The 
catch is that a transit requires the planet's orbit 
to be almost exactly edge-on as we look at the 
star, which is extremely unlikely. Tens of thou- 
sands ofstars must be monitored with patience 
to detect periodic dimming in just a handful. 


What can these crude remote-sensing 
techniques tell us about exoplanets? 

A surprising amount. The Doppler technique 
gives the size, period and eccentricity (devia- 
tion from a perfect circle) ofthe planet's orbit, 
as well as a quantity M,sin(i) that contains 
both the planet's mass M, and the inclination, 
i, of its orbit to our line of sight. The transit 
technique contributes the planet's radius anda 
direct value for i. Combining thesetwo param- 
eters can thus provide the actual value of M,, 
and also — a big prize, this, because it tells us 
something about what the planet is made of 
— the planet's mean density, calculated from 
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Figure1 | The gamut of transiting 
exoplanets. The composition of a planet will 
determine its average density and where it will 
lie on a plot of radius against mass. Here, various 
planets within (red circles) and beyond (grey 
circles) the Solar System are compared with 
models of different interior composition: from 
an interior made of rock and iron alone (Venus 
and Earth approximate to this state) to a gaseous 
composition of just hydrogen and helium (of 
which Jupiter is the closest example in our Solar 
System). Owing to difficulties in spotting such 
small bodies, few exoplanetsat the small, dense 
end ofthe scale have so far been found. Many 
giant planets have been detected that have very 
low densities above the upper range of pure 
hydrogen-belium planets (dotted line) — the 
exoplanet TrES-4:is the most extreme example 
— and these are a serious challenge to theory. 


the radius and the mass. More than 20 transit- 
ing planets are already known, and the radius 
and mass of several have been determined to 
better than 4% and 8% accuracy, respectively. 
But there’ a sting in the tail of this simple, 
surprisingly accurate method — most of the 
planets found so far are much less dense than 
our theories predict (Fig. 1). 


Why are less-dense planets a problem 
for theoretical models? 

Most exoplanets known so far are Jupiter-like 
‘gas giants, with masses between 0.5 and 3 
times that of Jupiter (150-1,000 Earth masses). 
But they have an unexpectedly wide range of 
sizes, with radii between 0.8 and 1.7 times 
Jupiter's. Jupiter is thought to have a small core 
of heavy elements, surrounded by envelopes 
of hydrogen with some helium intermingled. 
Explaining an exoplanet with a similar mass to 
Jupiter buta smaller size (higher mean density) 
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is easy — it probably has a larger core, with 
more heavy elements in general. But for exo- 
planets that are less dense, there comes a point 
when even a planet made just of hydrogen isn't 
enough to explain its low density. 


How can we get around this difficulty? 
A possible explanation is additional heating, 
either because of some persistent heat source 
ora seriously delayed cooling of the planet. 
One obvious source of heat is the parent star 
itself: the exoplanets in Figure 1 are mainly 
‘hot Jupiters’ that orbit extremely close to their 
stars. But then it’s unclear why some planets 
would absorb much of that heat and others 
would not. The same problem — accounting 
forthe entire range of observed planetary sizes 
— also bedevils other proposed solutions. 


What more can remote sensing tell us 
about a planet, besides basic features 
suchas its size and density? 

This is where transiting exoplanets come 
into their own. Their well-constrained basic 
parameters and natural ‘on-off switch’ allow 
their weak signal to be calibrated accurately. 
That means we can perform basic spectros- 
copy: atomic sodium and hydrogen have 
already been detected in exoplanets’ upper 
atmospheres. Unprecedented spectroscopy 
and thermal mapping of the atmosphere of the 
transiting hot Jupiter HD 189733 b has been 
possible at the point where it is seen ‘side-on, 
just as it disappears behind its star. Here, the 
infrared light flux from the planet can be dis- 
cerned ata level just 10 that of the star's flux. 
NASA's infrared Spitzer space telescope has 
proved perfect for this task. 


What have we learnt about the 
atmosphere of HD 189733 b? 

First, we havea measure of the temperature dif- 
ference between the day and night side, which 
is about 230°C. In such an extremely close 
orbit — HD 189733 b circulates around its 
star at just 3% of the Earth-Sun distance — a 
planet's rotation and orbital revolution become 
synchronized, with one side permanently facing 
the star. (In the same way, the Moon always 
presents the same side to Earth.) During tran- 
sit, we thus see the night side, and the heat flux 
‘we see coming from this side indicates that the 
planet's atmosphere must transport heat very 
efficiently from the day side, The hottest and 
coldest regions are not, as would be expected, 
seen at the longitudes facing exactly towards 
and away from the star, respectively, but are 
slightly offset from these longitudes, indicating 
avery dynamic, windy atmosphere, 


Is there evidence for water on any 
exoplanet? 

It would be surprising not to find some water 
in the atmospheres of hot Jupiters: water is 
very common in the low-temperature environ- 
ments where planets form and evolve, owing to 
the large cosmic abundance of both hydrogen 
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Figure 2 | Journey to the centre ofa super- 

Earth. Super-Earth planets, with masses 
between two and ten times that of Earth, come 
in at least two varieties: a, rocky; b, ocean. Both 
types originate in a well-mixed structure of 
solids (silicates) and volatiles (such as water and 
ammonia), with trace amounts of hydrogen and 
noble gases, The structure differentiates very 
quickly and in a strictly predictable way: iron and 
siderophile elements (high-density transition 
metals thatlike to bond with iron) precipitate 
into acore, and excess water, ammoniaand so 

on precipitate above asilicate mantle. If water is 
present in significant quantities, most of it will 
be under pressures in excess of 10 gigapascals, 
and thus ina solid state — ice — despite the high 
temperatures, An ocean planet will be larger 
than a rocky one owing to the lower density of 
water, and the size of a planet of a given mass will 
depend on the proportion of core, mantle and 
water. Models show that an uncertainty of less 
than 5% in radius and less than 10% in mass are 
needed to distinguish ocean from rocky planets. 


and oxygen. Absence of water might indicate 
thermal and radiative loss, as seems to have 
been the case with our small and hot planetary 
neighbour Venus, Hot Jupiters should be mas- 
sive enough to stave off complete loss, but then 
again we know little about the extreme condi- 
tions in their upper atmospheres. By measur- 
ing the ‘depth’ (the loss or gain in intensity) 
of eclipse or transit in different infrared wave- 
length bands, Spitzer can crudely sample the 
molecular lines not only of water, but also of 
other gases of interest, such as carbon dioxide 
and methane, Water has already been seen on 
threehot Jupiters — TrES-1, HD 209458 band 
HD 189733 b. 


We seem to know of many larger, 
Jupiter-sized planets — what about 
Earth-like planets? 

First off, the rich diversity of giant exoplan- 
ets came as a surprise to astronomers — we 
expected to finda greater variety of ‘terrestrial’ 
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planets. But to date we know of only a handful. 
None of them is transiting, so we don't know 
their mean densities or even their exact masses. 
And ‘terrestrial’ is perhaps a misnomer: the 
masses of such planets discovered so far are 
between 5 and 10 times Earth's mass (M;). 
Such ‘super-Earths' do not feature in our Solar 
System, but are seemingly common elsewhere. 
The limit of 10 Mg is theoretically inspired: 
when planets form in a typical protoplanetary 
disk of gas and dust, 10 M; is roughly the criti- 
cal mass above which hydrogen can be accreted 
and retained by the growing planet, turning it 
into a Neptune-like giant. Given the diversity 
of models for predicting the composition of 
the planet interiors at 10 Mz, we need a large 
sample of planets and their mean densities 
to check this. 


Why doastronomers expect agreat 
diversity among smaller planets? 
Because smaller, solid planets can have more 
varied material compositions. Depending on 
how its material compresses, cools and mixes, 
and what it weighs, a planet's interior can 
come to be dominated by an iron or iron-alloy 
core, a silicate mantle, (mostly water) ice, or a 
hydrogen-helium envelope. A rare fifth type 
of interior material isa carbon-rich mantle. In 
general, we expect two distinct families: ‘ocean 
planets; with water making up more than 10% 
of their mass; and rocky, Earth-like planets 
(water makes up only about 0.05% of Earth by 
mass) that may still have oceans (Fig. 2), 


So should we expect other solar 

systems just as diverse as our own? 

Yes indeed — there's no reason to think that 
our Solar System is special in any way; and 
equally, we are beginning to realize that there 
is a great diversity of planetary types not rep- 
resented in our own backyard (Fig. 3). Since 
early 2007, for example, we have spotted at 
least three planets orbiting the star Gliese 581. 
‘Two of them are super-Earths, but they do not 
transit, so we know only their minimum pos- 
sible mass through the term M,sin(i) — 5 and 
8 M, —and their orbital distances, which are 
7% and 25% of the distance from Earth to the 
Sun, respectively. Because Gliese 581 is small, 
cool and faint (it is 75 times less luminous than 
our Sun), the tiny orbits of these planets mean 
that their surface temperatures might range 
from that of Venus (around 460 °C) down to 
that of Mars (a mean temperature of -55 °C). 
One of the planets, Gliese 581 d, might have 
a temperature similar to that of Earth's polar 
regions. 


Could any ofthese planets be habitable? 
Probably not: the inner, 5-Mg super-Earth is 
probably too hot, and the outer one is prob- 
ably too cold, although still potentially hab- 
itable. But because they do not transit, we 
have no constraints on their bulk composi- 
tion — except that the existence of a third, 
Neptune-mass planet implies the presence 
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Figure3 | Aworldof worlds. Our own Solar System is home to an amazing variety of planets 


(examples in red), from the small, rocky sisters Earth 


and Venus to the gas giants Neptune and, 


largest of all, Jupiter. But that is nothing compared with the diversity that is emerging among 
exoplanets, as this selection of particularly notable examples shows. Limitations on current 


observational capabilities favour the discovery of exoy 
therefore gas giants), and those orbiting very close to 


jplanets that are particularly large (and are 
their stars. 1 astronomical unit, au, is the 


Earth-Sun distance; data for exoplanets can by their nature be highly uncertain. 


of gravitational forces that caused them to 
migrate from an initial location farther out in 
the protoplanetary disk. The two super-Earths 
are thus probably ocean planets, as they must 
have formed outside the disk’s snow line, where 
water freezes and accretes easily; some of this 
surface water would have liquefied when the 
planets were pushed closer in. 


What will be the next stage of 
exoplanet discovery? 

It willbe to match recent observational break- 
throughs with breakthroughs in our under- 
standing. For that, we need a large enough 
sample to encompass the full diversity of plan- 
ets out there — meaning many more hundreds, 
ifnot thousands, That will be achieved quickly 
in the coming years with results from dedicated 
space missions such as the French-led COROT 
(for ‘COnvection, ROtation and planetary 
Transits’), which was launched in December 
2006, and NASA’ Kepler, scheduled to launch 
in early 2009. In the meantime, with advances 
in remote-sensing techniques, exoplanet sci- 
ence is already shifting from mere discovery 
to exploration. As planet hunters hone their 
tools to discover smaller and smaller planets, 
more surprises should be in store. 


When will we find another Earth? 

The goal of characterizing Earth-like plan- 
ets — even true analogues of Earth — is very 
exciting, and is feasible before 2020, By that 
time, spectroscopy at very low resolutions 
could allow us to see signatures of familiar 
global planetary cycles (the carbonate-silicate 


cyde, which stabilizes Earth's climate over long 
timescales, for example), and perhaps let us 
take thefirst steps in the search for markers of 
biological entities. The essential precondition 
is that we know something of the make-up of 
the planet in question — that is, its mass and 
radius. Kepler is designed to find Earth-sized 
planets by 2014 using transits. Following this 
up with spectroscopy will sort out the planets’ 
true nature. 


And would another Earth necessarily 
behabitable? 

The first terrestrial planets that we will be able 
to study in detail will be super-Earths that 
transit small stars. We are likely to learn a lot 
of geophysics from them, and, who knows, 
they might turn out to have excellent habitable 
potential as well. But ultimately, we'll have to 
anchor our theoretical models to the only true 
reference — Earth. Exploring planets down to 
Earth’s size remains a priority of enormous 
resonance, both scientific and emotional. ™ 
Dimitar D. Sasselovis in the Department of 
Astronomy, Harvard University, Cambridge, 
Massachusetts 02138, USA, andthe Harvard 
Origins of Life Initiative. 

e-mail: dsasselov@cfa.harvard.edu 
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A receptor that mediates the post-mating 
switch in Drosophila reproductive behaviour 


Nilay Yapici'*, Young-Joon Kim'*, Carlos Ribeiro’ & Barry J. Dickson’ 


Mating in many species induces a dramatic switch in female reproductive behaviour. In most insects, this switch is triggered 
by factors present in the male's seminal fluid. How these factors exert such profound effects in females is unknown. Here we 
identify a receptor for the Drosophila melanogaster sex peptide (SP, also known as Acp70A), the primary trigger of 
post-mating responses in this species. Females that lack the sex peptide receptor (SPR, also known as CG16752), either 
entirely or only in the nervous system, fail to respond to SP and continue to show in behaviours even after mating. SPR is 
expressed in the female's reproductive tract and central nervous system. The behavioural functions of SPR map to the subset 
of neurons that also express the fruitless gene, a key determinant of sex-specific reproductive behaviour. SPR is highly 
conserved across insects, opening up the prospect of new strategies to control the reproductive and host-seeking behaviours 


of agricultural pests and human disease vectors. 


At various stages in their lifespan, animals can undergo marked 
switches in their innate behavioural patterns. Such behavioural 
switches are attractive models to explore the genetic and neural 
control of innate behaviours more generally, and are particularly 
apparent in the dimorphic behaviours involved in mating and repro- 
duction. For example, males and females of most species have distinct 
mating behaviours that are usually specified during development", 
but in some species these can also be switched in the adult’. In 
Drosophila melanogaster, the switch that specifies male or female 
mating behaviour is thought to be set during development! by the 
sex-specific transcripts of the fruitless (fru) gene**. 

Another type of behavioural switch found in many species is the 
marked change in female behaviour that occurs on mating. For 
example, in many insect species, virgin females are receptive to court- 
ing males and retain their eggs, whereas those that have recently 
mated are unreceptive and lay eggs. These changes in female beha- 
viour are induced by factors present in the male seminal fluid’. In 
Drosophila, the primary trigger of this behavioural switch is the sex 
peptide (SP), a 36-amino-acid peptide produced in the male acces- 
sory gland’*. How SP exerts its effects on female behaviour is 
unknown, although it has been suggested that the SP might act in 
part by modulating the activity of neurons that express fru (ref. 10). 
Here, we identify a SP receptor, SPR, and show that it is specifically 
required in the fru neurons for the post-mating switch in female 
reproductive behaviour. 


SPR mediates the post-mating switch 

We identified the gene CG16752, henceforth referred to as SPR, in a 
genome-wide transgenic RNA interference (RNAi) screen for genes 
required in the female nervous system for post-mating reproductive 
behaviour. Specifically, we found that pan-neuronal expression of an 
RNAi transgene"! targeting SPR (elav-GAL4 UAS-SPR-IRI) led to a 
marked reduction in egg laying. To examine this egg-laying pheno- 
type more carefully, and to assess other reproductive behaviours, 
we used a protocol in which individual virgin females were first tested 
for receptivity towards a naive male (Fig. 1a). Those females that 
mated were then allowed to lay eggs for 48h before being retested 


for receptivity with a second naive male. In the initial mating assays, 
virgin SPR RNAi females were as receptive as the control females 
(Fig. 1b). However, incontrast to control females, SPR RNAi females 
laid very few eggs after mating (Fig, 1c), mated again at high fre- 
quency (Fig, 1d), and did not actively reject the second male (Fig. 1e). 
In all these assays, mated SPR RNAi females behaved indistinguish- 
ably from wild-type virgin females, as well as from females previously 
mated to SP null males (Fig. 1c-e). 

To control for potential off-targeting effects of the initial RNAi 
transgene, we generated a second independent line, UAS-SPR-IR?, 
which targets a different region of the SPR gene (Fig. 1f). In all four 
assays, this new RNAi line gave results similar to those obtained with 
the original line from the genome-wide library (Fig. Ib-e). We also 
identified a molecularly defined deficiency’, Df(1)Exel6234, which 
removes 88kilobases (kb) from the X-chromosomal region that 
includes SPR and four other annotated genes (Fig. If). We verified 
the molecular breakpoints of this deficiency and confirmed that it 
deletes the entire SPR gene. Females homozygous for this deficiency 
were fully viable and had no obvious defects in the gross anatomy of 
their nervous system or reproductive organs. When tested in parallel 
in the same series of receptivity and egg-laying assays, Dfi1) Exel6234 
homozygous females showed the same post-mating defects as 
observed on RNAi knockdown of SPR (Fig. 1b-e). 

By mating SPR RNAi or deficiency females to males with sperm 
labelled by GEP (green fluorescent protein)", we confirmed that 
sperm were transferred and stored normally in these animals. The 
few eggs laid by these femalesare also fertilized and develop normally. 
We therefore postulated that the abnormal post-mating behaviours 
of these females could be due to a lack of sensitivity to SP, rather than 
due toa more general defect in reproductive physiology. To test this, 
we injected SP into the haemolymph of SPR RNAi or deficiency 
virgin females. The receptivity of these females was then tested 5h 
later in pairings with naive wild-type males. As controls, we con- 
firmed'* that wild-type virgins injected with SP were unreceptive, 
whereas those injected with buffer alone were just as receptive as 
uninjected virgins (Fig. 1g). In contrast, SPR RNAi and deficiency 
virgins remained receptive even after injection with SP (Fig. 1g). 


"Research Institute of Molecular Pathology (IMP), Dr. Bohr-Gasse 7, A-1030 Vienna, Austria, 
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These genetic data demonstrate that SPR is required in the nervous 
system for the behavioural switch triggered by SP. 


SPR is a specific SP receptor 
‘The SPR gene is predicted to encode a G-protein-coupled receptor 
(GPCR). To test whether this GPCR might be the SP receptor itself, 
we expressed SPR complementary DNA in mammalian Chinese ham- 
ster ovary (CHO) cells together with the Ca’* reporter aequorin, In 
this assay, ligand-mediated GPCR activation triggers a luminescent 
flash by means of the Gory or Got 1,-dependent Ca’* pathway"’. We 
detected only a very weak response to SP in these cells, even at con- 
centrations as high as 10 uM (Fig. 2a). Ithas been suggested that SP 
responses might involve the cAMP rather than the Ca** pathway'*”, 
and so one reason for this poor response might be that SPR normally 
couples to G proteins other than Geigy. Accordingly, we cotrans- 
fected these cells with constructs encoding one of three different 
chimaeric G proteins (Gags, Gg; or Gogo) designed to divert Go,-, 
- or Gol~dependent signals, respectively, from the cAMP pathway 
into the Ca** pathway", Indeed, co-expression of Gag or Gago, but 
not Geigy resulted in robust Ca°* responses to SP (Fig. 2a). 

The response to SP is highly specific, because we did not detect 
comparable levels of activation by any of eight other Drosophila pep- 
tides, even at 101M (Fig. 2b; see Methods). Amongst the closest 
relatives of SPR in Drosophila are CG2114 (also known as FR) and 
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CG8784, receptors for FMRFamides and hugin-y, respectively", 
Neither EMRFamide nor hugin-y activated SPR, and, conversely, 
expression of CG2114 or CG8784 in CHO cells conferred sensitivity 
to their respective ligands, but not to SP (Fig. 2b). Ina dose-response 
assay, we determined that SP activates SPR with an effector concen- 
tration for half-maximum response (ECs9) of 1.3nM (Fig. 2c). The 
closely related peptide, DUP99B, which induces the same post- 
mating responses as SP in injection assays™, activates SPR with an 
ECsp of 7.3 nM. Thus, both SP and DUP99B specifically activate SPR 
at physiological concentrations, with ECso values in the low nano- 
molar range typical for such peptide~GPCR interactions”, We con- 
clude that SPR encodes a functional receptor for SP that couples to 
Ga and/or Gx, to regulate cAMP levels. 


SPR is in the reproductive organs and the CNS 

To define the cellular targets of SP, we generated antisera against an 
amino-terminal region of SPR. These antisera revealed high levels of 
SPR expression in the female reproductive organs, in particular in the 
spermathecae, the primary sites for long-term sperm storage”, and 
the lower oviduct (Fig, 3a, c, d). Staining with the anti-SPR antisera 
‘was restricted to the cell membrane (Fig. 3d) and was absent in 
Df{(1)Exel6234 homozygous females (Fig. 3b), confirming the specifi- 
city of our antisera. SPR could not be detected in the male repro- 
ductive organs. 
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Figure 1| SPR is required for the post-mating switch induced by SP. 

a, Protocol for behavioural experiments in b-e. b, Receptivity of virgin 
females, scored as the percentage of females that copulated within 1h. 
P>0.01 forall comparisons against +/+ (genotype 1); 72-test with 
Bonferroni correction. Numbers in parentheses in the figure represent the 
number of samples. c, Number of eggs laid per female. Data are shown as 
mean * sem, Double asterisk, P< 0.001; Student's test. d, Re-mating 
frequency. Asterisk, P< 0.01, and double asterisk, P <0.001, for 
comparisons against +/+ (genotype 1); 77-test with Bonferroni correction. 
¢, Ovipositor extrusions per minute during a ten-min courtship assay with a 
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naive wild-type male, Females used in these assays formed a separate cohort 
to those in b-d, Data are mean + s.e.m. Double asterisk, P< 0.001; 
Student's t-test. f, Organization of the SPR genomic region. Df(1)Exel6234 is 
a precise deletion of the interval between P-element insertions P{XP}d09225 
and P{XP}d00314. UAS-SPR-IRI targets nucleotides 552-852 of the 
CG16752-RA transcript, and UAS-SPR-IR2 targets nucleotides 869-1,220 
(spanning four exons). g, Receptivity of virgin females assayed 5h after 
injection with either 12 pmol SP (+) or Ringer’s solution alone (—). 
Genotypes were as ina, except that all females were virgins, Double asterisk, 
P <0.001 for comparison to +/+; x7-test with Bonferroni correction. 
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SP is thought to pass from the reproductive tract into the haemo- 
lymph, and ultimately to act directly on targets inthe central nervous 
system (CNS)°*”?. Indeed, staining the adult female CNS with anti- 
SPR revealed a broad expression on the surface regions of both the 
brain (Fig. 3e-g) and the ventral nerve cord (VNC, Fig. 3h). This 
staining was absent or greatly reduced in SPR deficiency or RNAi 
females (Supplementary Fig. 1). Expression was most prominent in 
ventral regions of the suboesophageal ganglion (SOG), the cervical 
connective and many nerve roots in the brain and VNC. The 
restricted staining on the surface of the CNS is consistent with SPR 
detecting a ligand that circulates in the haemolymph and crosses the 
blood-brain barrier. It is unlikely to be an artefact caused by poor 
antibody penetration, because we could reliably detect SPR in central 
brain regions on ectopic expression ofa UAS-SPR transgene, Overall, 
the distribution of SPR concords remarkably well with the reported 
binding sites of radiolabelled SP applied to whole-female-tissue sec- 
tions in vitro. Intriguingly, a very similar distribution was also 
observed in the male CNS (Supplementary Fig. 1), although at this 
point we cannot ascribe any function to SPR in males. 


SPR acts in fru neurons 

Post-mating responses can be induced in virgin females not only by 
injection of SP (ref. 14) but also by blocking synaptic transmission of 
neurons that express the sex-specific transcripts of the fru gene". We 
also found that some of the central neurons that express SPR are also 
positive for fru, as revealed by the fruS*™ driver? (Eig. 3e-1). In 
particular, SPR seemed to be expressed in many fu°*'4-positive 
neurons in the SOG and throughout the VNC. To test whether 
SPR function is specifically required in fru neurons, we used the 
fru" driver and UAS-SPR-IR1 to knockdown SPR only in these 
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Figure 2 | SPRis a specific SP receptor. a, Luminescence (LU) responses of 
CHO cells expressing SPR, aequorin and one of the three chimaeric 
G-proteins (Gags, Gag, or Gag) or no additional G protein (endogenous 
Ga,). Cells were treated with either 0.1 1M or 10 uM SP, and responses were 
normalized against the response to 2541M ATP. Data are shown as 

mean + sd. (n= 4-8). b, Luminescence responses of CHO cells expressing 
the indicated GPCR and aequorin on exposure to various peptide ligands 
(10|IM), normalized against responses to 25 uM ATP. Cells expressing SPR 
or no additional GPCR were co-transfected with Go.;. Data are shown as 
mean + sd. (n= 5-8). FMRFa, FMRFamide; MS, myosuppressin; SK-0, 
sulfakinin-0, ¢, Dose-response curves of CHO cells expressing SPR, 
aequorin and Gui, and treated with SP or DUP99B. Each data point is 
mean + sd. (n= 8). 
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cells. Just like the SPR-deficiency mutants, these females showed 
normal receptivity as virgins (Fig. 4a), but then laid very few eggs 
(Eig. 4b) and re-mated at high frequency (Fig. 4c). 

To test whether expression in fru neurons is also sufficient for the 
post-mating switch, we introduced fru°4™ and UAS-SPR into SPR- 
deficient females. In these females, SPR is only expressed in the fru 
neurons, yet we observed complete rescue of the re-mating pheno- 
type (Fig. 4c) and partial but significant rescue of the egg-laying 
phenotype (Fig. 4b). Together, these RNAi and rescue experiments 
strongly support the notion’? that SP triggers the post-mating beha- 
vioural switch primarily by modulating the activity of a subset of the 
fru neurons. 


Structural and functional conservation of insect SPRs 

The post-mating switch in female behaviour is not unique to 
D, melanogaster, but is common to most insect species‘, Although 
SP genes are difficult to identify outside the Drosophilidae, perhaps 
because of their small size, we could readily identify putative SPR 
orthologues in most sequenced insect genomes, including Drosophila 
pseudoobscura, the mosquitos Aedes aegypti and Anopheles gambiae, 
the moth Bombyx mori and the beetle Tribolium castaneum (Fig. 5 
and Supplementary Fig. 2). More distant relatives can also be 
detected in Caenorhabditis elegans, but potential vertebrate ortholo- 
gues are less apparent (Fig. 5a). 

To test for functional conservation of the insect SPR family, we 
isolated SPR cDNAs from each of these five other insect species and 
tested them for responses to D, melanogaster SP in the CHO cell assay. 
SP was shown to be a potent activator of the D. pseudoobscura, A. 
aegypti and B, mori receptors, with ECso values of 4.3 nM, 167 nM 
and 63 nM, respectively (Fig. 5b-d). These receptors also responded 
to DUP99B (Fig, 5b-d), but not to any of the eight control peptides, 
including FMRFamide and hugin-y. The A. gambiae and T. casta- 
neum receptors were not activated by either SP or DUP99B 


Figure 3 | SPR is expressed in the female reproductive organs and nervous 
system. a, b, Reproductive organs of wild-type +/+ (a) and Df(1)Exel6234 
homozygous (b) females stained with anti-SPR. ovi., oviduct; sp. 
spermathecae. Scale bar, 200 ym. ¢, d, Higher magnification views of wild- 
type oviduct and spermathecae stained with anti-SPR (red in ¢). The sample 
inc is counterstained with 4,6-diamidino-2-phenylindole (DAPI, blue). 
Seale bars, 200,1m inc and 100 min d. eh, Confocal sections of the brain 
(e-g) and ventral nerve cord (h) of fru““4/UAS-lamin-GEP female stained 
with anti-SPR (red), anti-GFP (green) and anti-ELAV (blue). e-g, Sections 
from the anterior, middle and posterior of the brain. APN, accessory 
pharyngeal nerve; CC, cervical connective; PN, pharyngeal nerve; SOG, 
suboesophageal ganglion, e-g are orientated with dorsal up; h is orientated 
with anterior up. Scale bars, 100 um. i-1, Higher magnification views of the 
suboesophageal ganglion (SOG, i, j) and abdominal ganglion (AG, 

k, I), orientated as in e-g. LN, leg nerve. Scale bars, 25 yum in iand j, and 
50pm in k and |, 
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Figure 4 | SPRacts in fru neurons. a, b,c, Receptivity (a), egg-laying (b) and 
re-mating (¢) assays for females of the indicated genotype, mated with wild- 
type males and assayed according to the protocol of Fig. 1a. For the RNAi 
experiments, the fru" |ine additionally carried UAS-Der-2 (genotypes 1 
and 2). The RNAi (genotypes 1 and 2) and rescue (genotypes 3-7) data are 
from distinct experimental cohorts. Data in b are shown as mean = s.e.m. 
Double asterisk, P <0.001 compared to wild-type females (genotypes 2 or 
3); #4#, P<0.001 compared to deficiency females (genotype 4); Student's 
t-test (b) and 7 test (¢). 


(Supplementary Fig. 3), possibly because they do not bind the 
Drosophila ligands or were not functionally expressed in CHO cells. 
Nonetheless, the structural and functional conservation of SPR 
genes from Drosophila, Aedes and Bombyx (Fig. 5), together with 
the observation that D. melanogaster SP can induce post-mating 
responses in the moth Helicoverpa armigera’*”, indicates that the 
family of receptors we have identified are likely to mediate post- 
mating changes in female reproductive behaviour in many different 
insect orders. 
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Conclusions 


The data presented here provide strong evidence that SPR isa recep- 
tor for SP, and that activation of SPR in fru neurons induces the 
switch to post-mating reproductive behaviour, Our identification 
of SPR is the critical first step in explaining this behavioural switch 
at the molecular, cellular and circuit levels. Furthermore, because 
SPR is highly conserved across insect species, it provides the basis 
for cellular assays to identify SP-like activities in other species, and to 
develop new approaches for controlling the reproductive or host- 
secking behaviours of various agricultural pests and human disease 
vectors. 


METHODS SUMMARY 

UAS-SPR-IRI was obtained from the Vienna Drosophila RNAi Center’, UAS- 
SPR-IR2 was prepared by cloning a 352-base-pair (bp) fragment from the 
RE15519 cDNA as an inverted repeat into a UAS vector modified for integ- 
ration using the $C31 system”. UAS-SPR was obtained by cloning the full open 
reading frame of RE15519 into a similar vector. Df(1)Exel6234 (ref. 12) was 
obtained from the Bloomington Drosophila Stock Center and was backcrossed 
into a wild-type Canton § background, SP null mutants were SP/A'™ mutants’, 
‘The elav-GALA (ref. 34) and fru" (ref, 29) stocks used for the RNAi experi- 
ments additionally carried UAS-Der-2 (ref. 11). Virgin males and females were 
collected at eclosion and were aged individually for fivedays, or in groups of 
10-15 for four days, respectively. Canton S was used as wild type. SP injections 
into the abdomens of female virgins were performed as described, 

CHO-K1 cells were transiently transfected, and luminescent signals were mea- 
sured as described previously”, All peptides were synthesized in-house using the 
9-fluorenyl-methoxycarboryl (FMOC) strategy on an ABI 433A Peptide 
Synthesizer and were purified by high-performance liquid chromatography 
(HPLC). Anti-SPR antisera were raised in rabbits against the predicted 
N-terminal 21 amino acids of the mature SPR, and were cleared by incubating 
with Df(1)Exel6234 embryos. Antibody stainings and confocal microscopy were 
performed essentially as described previously”, 

SPR orthologues were predicted by TBLASTN and Genscan analyses, and the 
complete open reading frame was amplified by RT-PCR on RNA extracted from 
the relevant species. D. pseudoobscura was obtained from the Tucson Drosophila 
Stock Center, T: castaneum from G. Bucher, and B, mori from D. Zitnan. Frozen 
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Figure 5 | Structural and functional conservation of insect SPRs. 
a, Phylogenetic tree of predicted insect SPRs and related Drosophila (Dm), C. 
elegans (Ce) and human (Hs) GPCRs. Scale bar, 0.1 amino acid replacements 
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per site, b-d, Dose-response curves of CHO cells expressing insect SPRs, 
aequorin and Gory treated with D. melanogaster SP or DUP99B. Each data 
point is mean = s.d. (n = 6). 
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stocks of A. aegypti and A. gambiae were obtained from the MR4 Rescource 
Center. 


Full Methods ard any associated references are available in the online version of 
the paper at wwww.nature.com/nature, 
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A young massive planet in a star-disk system 


J. Setiawan!, Th. Henning!, R. Launhardt!, A. Miiller!, P. Weise! & M. Kiirster! 


There is a general consensus that planets form within disks of dust 
and gas around newly born stars", Details of their formation pro- 
cess, however, are still a matter of ongoing debate, The timescale of 
planet formation remains unclear, so the detection of planets 
around young stars with protoplanetary disks is potentially of great 
interest. Hitherto, no such planet has been found. Here we report the 
detection of a planet of mass (9.83.3)Myupier atound TW Hydrae 
(TW Hya), a nearby young star with an age of only 8-10 Myr that is 
surrounded by a well-studied circumstellar disk. It orbits the star 
with a period of 3.56 daysat 0.04 au, inside the inner rim of the disk. 
This demonstrates that planets can form within 10 Myr, before the 
disk has been dissipated by stellar winds and radiation. 

With the discovery of the first planet orbiting another Sun-like 
star’, our understanding of planet formation has experienced a 
renaissance. The vast majority of exoplanets have been discovered 
with the radial velocity (RV) technique’. This method is most 
sensitive to giant planets on short-period orbits and it works best 
with non-active solar-like stars. Other techniques with different 
detection biases are currently emerging (for example, transit pho- 
tometry, astrometry, direct imaging), but the RV method still 
remains the most successful technique for detecting exoplanets. 
Correspondingly, our picture of extrasolar planetary systems is still 
dominated by the detection biases of this method. 

Planets form from dust and gas in circumstellar disks around 
young stars, The growth from micrometre-sized dust grains to 
planetary embryos through collisions is believed to be the key mech- 
anism leading to the formation of planetary cores. As these cores 
grow, they eventually become massive enough to accrete gas from 
the disk. Alternatively, giant planets are also proposed to form 
directly via gravitational instabilities in the disk’. 

One of the most important timescales for planet formation is the 
disk dispersal time. From observations of near-infrared excess” and 
millimetre-wavelength emission® of young stars it has been con- 
cluded that circumstellar disks dissipate within about 10 Myr after 
the star formation. The formation of planets from disk material must 
occurin this time window. Until now, no planet has been detected by 
RV surveys around astar younger than 100 Myr old. The only known 
young planet was detected by direct imaging at 55 aU from the brown 
dwarf2MASS1207 (ref. 9). Themain reason for this lack of detections 
is that young stars were systematically excluded from large RV 
surveys because they usually exhibit high levels of stellar activity. 
However, when carefully analysing and. characterizing all activity 
effects, it is also possible to detect planets around young stars with 
the RV technique”. The young star TWHya (see Supplementary 
Table 1) is surrounded by a circumstellar disk that has been studied 
by using a wide variety of different observing techniques and analysis 
methods''~" (Fig. 1). From Hubble Space Telescope observations the 
disk was found to be oriented almost face-on'’. 

We acquired high-resolution spectroscopic measurements of 
TW Hya with the Fibre-fed Extended Range Optical Spectrograph 
(FEROS)” at the 2.2 m Max-Planck-Gesellschaft/European Southern 
Observatory (MPG/ESO) telescope (La Silla Observatory). Data 


reduction and RV determination procedures for FEROS data are 
described in ref. 21. For the RV computations we excluded spectral 
regions that contain strong emission lines (such as Catt H&K, HB, 
Hel, Nat and Ha). The RV measurements are shown in Fig. 2 and 
listed in Supplementary Table 2. The sine-fitting periodogram of the 
entire RV data set shows three distinct significant periods (Fig. 3). 
The first and most pronounced signal at P= 3.56 days has a false 
alarm probability (FAP) of 10°". This period corresponds to the 
regular sinusoidal variation shown in Fig. 2. Further signals are found 
at 0.78 and 1.39 days. However, after subtracting the 3.56-day period 
from the data and recomputing the periodogram for the residual 
RVs, these two peaks disappear. Hence, they are aliases, Other peaks 
that appear in the periodogram of the residual RVs have high FAPs 
and are not significant. 
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Figure 1| A pictographic sketch of the TWHya system. The star, the disk 
with a central hole, and the newly discovered planet are shown. The 
circumstellar disk around TW Hya is almost face-on"’. Recent measurements 
yielded a disk inclination of 7° * 1° (ref. 12). Ref. 13 concluded that an 
optically thin inner-disk zone void of large dust particles would model the 
complete spectral energy distribution well. The relatively sharp transition to 
the outer optically thick and geometrically flared disk was predicted to be 
located at ~4 Av. They” speculated about the existence of a giant planet in 
this region that could have caused the clearing, The existence of such a 
transition at ~4 AU was confirmed by millimetre interferometric observations 
from 7 mm Very Large Array observations"*, Mid-infrared interferometric 
observations’ showed that the transition between cleared inner and optically 
thick outer disk must occur at radii between 0.5 to 0.8aU. Mid-infrared 
observations are more sensitive to smaller dust particles compared to the 
millimetre observations, which may explain the difference. On the other 
hand, CO gas emission from a region inside 1.0 av has been detected, showing 
that this region is not completely void of material'*””. From Keck near- 
infrared interferometric observations it was conduded that the inner edge of 
the disk is located at about 0.06 = 0.01 au from the star"*, This is somewhat 
larger than the dust sublimation radius, but the precise value depends 
critically on the assumed dust properties. The authors"® speculated that 
magnetospheric accretion may be responsible for this truncation. From the 
Ha line and short-wavelength continuum excess, ref. 19 derived a mass 
accretion rate from the disk onto the star of (~5 X 107!) Mgun per year and 
concluded that TW Hya is at the end of its accretion stage. The planet at 
0.04 aU marked here is the result of our RV monitoring survey. 


*Max-Planck-Institut far Astronomie, Heidelberg, D-69117, Germany. 
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RV variations can be induced either by an orbiting companion, 
rotational modulation due to starspots, or nonradial pulsations. 
In the case of a companion, all spectral lines move simultaneously 
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Figure 2 | Radial velocity variation of TW Hya. a, The RVs were obtained 
during two observing runs with 12 consecutive nights (between 28 February 
and 12 March 2007) and 20 consecutive nights (24 April to 13 May 2007). 
With typically three spectra per night, we sampled possible variability 
periods from about | to 12 days. For the RV calculations we used a cross- 
correlation technique, in which about 1,300 spectral lines were cross- 
correlated with a numerical template, The error bars are standard errors of 
the mean RV value. The typical accuracy of the individual RV is about 
40m s~!, which is mostly due to the rapid rotation and activity of TWHya. 
For comparison, the typical accuracy achieved with FEROS for quiet and 
slow rotating solar-type stars is about 5m 5‘, The solid line shows a 
keplerian fit with a period of 3.56 days. Thescatter of the data points around 
this curve (residuals) is probably due to stellar activity. b, The phase-folded 
(with P = 3.56 days) RV curve (blue line) of the planet around TW Hya. This 
periodic variation is stable within the observation time window, The 
amplitude of RV variation is 196 + 61 ms_'. The black lines represent the 
uncertainty of +61 ms below and above the blue curve. 
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Table 1| Orbital parameters for TW Hya b 


Primary mass (0.7£0.1)Msun 
Orbital period (3.56 + 0.02) days 
Offset RV (12,420.7 + 4.1)ms* 


RV semi-amplitude (196+ 61)ms~? 


Inclination angle ay 
Eccentricity 0.04 + 0.03 
Periastron longitude (105 + 27)" 
Reduced 7? 3.32 

Minimum companion mass (1.2+0.4)Miupter 
True companion mass (9.8£3.3)Mipter 
Orbital semi-major axis (0.041 + 0.002) au 


without affecting the line profile. In the case of rotational modulation 
and nonradial pulsations, the integral line shapes will vary and cause 
changes in the measured effective RV. To verify the nature of the 
observed RV variations, it is therefore mandatory to analyse the 
stellar activity indicators. 

The 3.56-day RV variation appears to be regular during both 
observing periods. The phase-folded RV curve reveals very clearly 
the nearly sinusoidal variation. We find that this period is neither 
correlated with photometric variations nor with any stellar activity 
indicators. The bisector analysis of the line profile asymmetries con- 
firms that there is no significant correlation between the 3.56-day 
period and the stellar activity (Fig. 4). The most probable explanation 
ofthe 3.56-day RV variation is therefore the presence of a companion 
orbiting TW Hya. We calculated an orbital solution using keplerian 
fit to the RV variation (Table 1) and derived a minimum companion 
mass of (1.2 + 0.4) Mjapiter- Assuming that the companion orbits the 
star in the plane of the disk (i= 7° + 1°) and also taking into account 
all other uncertainties, we computed a true companion mass of 
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Figure 3 | Sine-fitting periodogram of RV variation. A period analysis was 
performed using both a sine-fitting routine minimizing 7’ (ref. 29), and the 
Lomb-Scargle periodogram (Supplementary Fig. 1). The window functionis 
displayed in the inset and has only a single peak at P = 1 day. For the sine- 
fitting we used the bootstrap randomization method” to determine FAPs— 
that is, the probability that a value of 7 as small as (or smaller than) the 
optimum value found for the data was obtained purely by chance. We found 
three significant 7° minima at distinct periods. The first and most 
pronounced 7? minimum at P = 3.56 days has a FAP = 10~*. Further 7? 
minimaare seen at 0.78 and 1.39 days, both with FAP = 10°. We calculated 
the residual RVs by subtracting the 3.56-day periodicity. In the sine-fitting 
periodogram of the residual RVs, the 0.78 and 1.39-day periods are nolonger 
seen in the periodogram, Thus, they are aliases. 
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(9.8 + 3.3)Myupicer- This mass range clearly qualifies the companion 
as a giant planet. The orbit of the planet is almost circular and has a 
semimajor axis of (0.041 + 0.002) aU, placing it inside the inner hole 
of the disk. 

Several authors have tried to derive the rotation period of 
TW Hya from photometric observations” (Supplementary Table 
3). However, classical T Tauri stars do not easily reveal their rotation 
periods, because random variations due to accretion and related 
short-lived hot spots tend to mask their periodic behaviour. 
Phase-coherent periodic modulations may only persist for a few 
rotation cycles. 

We investigated all available activity indicators in the spectra, 
including the Ho. emission line (Supplementary Fig, 2). We selected 
several short time intervals during which obvious periodic variations 
are persistent (Supplementary Fig. 3), We then computed the peri- 
odicities independently for each subset. For the residual RVs and the 
Cait activity index we found periods of 1.4, 1.7 and 2.3 days with 
typical uncertainties of +0.3day. Other activity indicators (for 
example, HB, Hetand effective temperature (Tog) variation) yielded 
similar results, Assuming that all individual values represent uncer- 
tain measurements of the same underlying period, we attribute the 
weighted mean to the stellar rotation period, that is Pio. = 1.6 
0.3 days. This period is in agreement with the photometric variability 
reported by other authors. Combining Po. with the stellar radius 
and rotation velocity of TW Hya, we derived an indination angle 
of the stellar rotation axis of 14° + 4°, comparable with that of ref. 
24. When we analysed the bisector velocity spans and bisector cur- 
yatures we found no significant correlation with the RVs (Fig. 4), 
confirming that the 3.56-day RV period is not caused by activity- 
related lineshape variations. 

There is one activity indicator that varies with another signi- 
ficant period, at 9.05 days: the equivalent width of the Ho. The 
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Figure 4 | Bisector analysis of line profile asymmetry. We used a cross- 
correlation technique, using several hundred spectral lines of TW Hya. We 
measured the bisector velocity spans (a) and bisector curvatures (b), which 
are well known as excellent stellar activity indicators. a, Bisector velocity span 
versus RV for the entire data set. There is no significant correlation 
(correlation coefficient ~0.2), indicating that the 3.56-day RV variation isnot 
caused by the line profile changes. b, The bisector curvature does not show a 
significant correlation with the RV (correlation coefficient ~0.3), confirming 
that stellar activity is not responsible for the observed 3.56-day RV variation. 
‘The error bars are the standard mean errors of the mean bisector velocity 
span/curvature, computed from the bisectors of each echelle order. 
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interpretation of this variability is still inconclusive, but it is probably 
related to a phenomenon in the disk. The corresponding keplerian 
radius would be ~0.07 au, which is very close to the inner edge of the 
disk", 

The detection of a young (8-10 Myr) and massive planet with 
9.8Myupiter ON a 0.04 AU orbit around TW Hya provides important 
constraints on theories of planet formation and migration. It gives a 
real upper limit to the timescales of planet formation and migration 
that is not based on purely statistical arguments. Furthermore, this 
is the first direct observational link (to our knowledge) between a 
circumstellar disk and a newly formed planet, thus justifying calling 
such disks ‘protoplanetary’. 

In the period—mass distribution of known exoplanets*, massive 
planets with masses >2Mjupiter Seem to be rare at semi-major axes 
of less than 0.6 AU. However, such statistics are based mostly on RV 
data, which provide only lower limits to the planet masses. When we 
use msini (1.2Mjupiter) instead of the true mass (where m is the mass 
and iis the the inclination angle), TW Hyab falls in the middle of the 
period—mass distribution for RV planets. These facts show that our 
current understanding of the population of exoplanets is still biased 
by the detection method. 

Models that assume the formation of planets beyond the snowline 
and include migration and accretion allow the formation of massive 
planets. However, it is still not clear whether a planet as massive as 
9.8Mjupter Could have formed through core accretion**, or whether 
gravitational instabilities in the disk must have been involved”. 

A massive planet like TW Hya b would open agap in the disk and 
undergo typeI migration on a typical timescale of 10° years’*. 
TWHyab may have formed and started its migration path close to 
the present inner edge of the optically thick disk at 1-4 au. We can 
even speculate that the planet is responsible for the clearing of the 
inner disk through the accretion of the gas. Its inward migration 
came to a halt when the planet entered the gas-free zone at the inner 
edge of the optically thin disk at ~0.06 av. This inner hole can have 
formed, for example, by disk dispersal processes or by the stellar 
magnetosphere. 

The detection of TW Hyab opens up the possibility of directly 
connecting the disk evolution and planet formation processes. It is 
the ideal system to test numerical simulations of planet core forma- 
tion, migration and accretion. 


Received 6 July; accepted 18 October 2007. 
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Magnetic monopoles in spin ice 


C. Castelnovo!, R. Moessner!? & S. L. Sondhi? 


Electrically charged particles, such as the electron, are ubiquitous. 
In contrast, no elementary particles with a net magnetic charge 
have ever been observed, despite intensive and prolonged searches 
(see ref. 1 for example). We pursue an alternative strategy, namely 
that of realizing them not as elementary but rather as emergent 
particles—that is, as manifestations of the correlations present in 
a strongly interacting many-body system. The most prominent 
examples of emergent quasiparticles are the ones with fractional 
electric charge e/3 in quantum Hall physics?. Here we propose that 
magnetic monopoles emerge in a class of exotic magnets known 
collectively as spin ice: the dipole moment of the underlying 
electronic degrees of freedom fractionalises into monopoles. 
This would account for a mysterious phase transition observed 
experimentally in spin ice in a magnetic field®’, which is a 
liquid-gas transition of the magnetic monopoles. These monopoles 
can also be detected by other means, forexample, in an experiment 
modelled after the Stanford magnetic monopole search*. 

Spin-ice materials are characterized by the presence of magnetic 
moments pi; residing on the sites i of a pyrochlore lattice (depicted 
in Fig. 1), These momentsare constrained to point along their respec- 
tive local Ising axes @; (the diamond lattice bonds in Fig. 1), and they 
can be modelled as Ising spins jt; = xSé;, where S; = + 
For the spin-ice compounds discussed here, Dy,Ti,0, and Ho,Ti,0,, 
(where Dy is dysprosium and Ho is holmium) the magnitude of the 
magnetic moments equals approximately ten Bohr magnetons 
(= 10g). The thermodynamic properties of these compounds are 
known to be described with good accuracy by an energy term that 
accounts for the nearest-neighbour exchange and the long-range 
dipolar interactions” (for a review of spin ice, see ref. 4): 


The distance between spins is rp and a~ 3.54 Ais the pyrochlore 
nearest-neighbour distance. D = juj?/(4na®) = 1.41 K is the coup- 
ling constant of the dipolar interaction. 

Spin ice was identified as a very unusual magnet when it was noted 
that it does not order to the lowest temperatures T even though it 
appeared to have ferromagnetic interactions’, Indeed, spin ice 
was found to have a residual entropy at low T (ref. 5), which 
is well-approximated by the Pauling entropy for water ice, 
$~ $» = (1/2)log(3/2) per spin. Pauling’s entropy measures the huge 
ground-state degeneracy arising from the so-called ice rules. In the 
context of spin ice, its observation implies a macroscopically degen- 
erate ground state manifold obeying the ‘ice rule’ that two spins point 
into each vertex of the diamond lattice, and two out. 

We contend that excitations above this ground-state manifold— 
that is, defects that locally violate the ice rule—are magnetic 
monopoles with the necessary long-distance properties. From the 
perspective of the seemingly local physics of theicerule, theemergence 
of monopoles at first seems rather surprising. We will probe deeper 


into how the long-range magnetic interactions contained in equation 
(1) give rise to the ice rule in the first place. We then incorporate 
insights from recent progress in understanding the entropic physics 
of pin ice, and the physics of fractionalization in high dimensions!"~"5, 
of which our monopoles will prove to be a classical instance. 

We consider a modest deformation of equation (1), loosely 
inspired by Nagle’s work'® on the ‘unit model’ description of water 
ice: we replace the interaction energy of the magnetic dipoles living 
on pyrochlore sites with the interaction energy of dumbbells consist- 
ing of equal and opposite magnetic charges that live at the ends of the 
diamond bonds (see Fig. 2). The two ways of assigning charges on 
each diamond bond reproduce the two orientations of the original 
dipole. Demanding that the dipole moment of the spin be repro- 
duced quantitatively fixes the value of the charge at ++ju/aq, where 
the diamond lattice bond length ag = \/3/2 a. 

‘The energy of a configuration of dipoles is computed as the pair- 
wise interaction energy of magnetic charges, given by the magnetic 
Coulomb law: 


2% ya 
| Bite 
V (rap) me ven (2) 


Figure 1| The pyrochlore and diamond lattices. The magnetic moments in 
spinice reside on thesites of the pyrochlore lattice, which consists of corner- 
sharing tetrahedra, These are at the same time the midpoints of the bonds of 
thediamond lattice (black) formed by the centres of the tetrahedra. Theratio 
of the lattice constant of the diamond and pyrochlore lattices is 

aq /a= \/3]2. The Ising axes are the local [111] directions, which point along 
the respective diamond lattice bonds, 


"Rudolf Peierls Centre for Theoretical Physics, Oxford University, Oxford OX1 3NP, UK. 7Max-Planck-Institut flr Physik komplexer Systeme, 01187 Dresden, Germany. *PCTP and 


Department of Physics, Princeton University, Princeton, New Jersey 08544, USA. 
42 


NATURE|Vol 451/3 January 2008 


where Q, denotes the total magnetic charge at site « in the diamond 
lattice, and 1p is the distance between two sites. The finite ‘self- 
energy’ b/2 is required to reproduce the net nearest-neighbour inter- 
action correctly. Equation (2)—which is derived in detail in the 
Supplementary Information—is equivalent to the dipolar energy 
equation (1), up to corrections that are small everywhere, and vanish 
with distance at least as fast as 1/7. 

We consider first the ground states of the system. The total energy 
is minimized if each diamond lattice site is net neutral, that is, we 
must orient the dumbbells so that Q, = 0 on each site. But this is just 
the above-mentioned ice rule, as illustrated in Fig, 2. Thus, one of the 
most remarkable features of spin ice follows directly from the dumb- 
bell model: the measured low-T entropy agrees with the Pauling 
entropy (which follows from the short-distance ice rules), even 
though the dipolar interactions are long-range. 

We now turn to the excited states. Naively, the most elementary 
excitation involves inverting a single dipole / dumbbell to generate a 


Figure 2 | Mapping from dipoles to dumbbells. The dumbbell picture 

(c, d) is obtained by replacing each spin in a and b by a pair of opposite 
magnetic charges placed on the adjacent sites of the diamond lattice. In the 
left panels (a, c), two neighbouring tetrahedra obey the ice rule, with two 
spins pointing in and two out, giving zero net charge on eachsite. In the right 
panels (b, d), inverting the shared spin generates a pair of magnetic 
monopoles (diamond sites with net magnetic charge). This configuration 
has a higher net magnetic moment and it is favoured by an applied magnetic 
field oriented upward (corresponding to a [111] direction). e, A pair of 
separated monopoles (large red and blue spheres). A chain of inverted 
dipoles (‘Dirac string’) between them is highlighted in white, and the 
magnetic field lines are sketched. 
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local net dipole moment 21. However, this is misleading in a crucial 
sense. The inverted dumbbell in fact corresponds to two adjacent 
sites with net magnetic charge Q,= +qm = +2y/ag—a_ nearest- 
neighbour monopole-antimonopole pair. As shown in Fig. 2e, the 
monopoles can be separated from one another without further violz- 
tions of local neutrality by flipping a chain of adjacent dumbbells. A 
pair of monopoles separated by a distance r experiences a Coulombic 
interaction, —f1,q2,/(4rr), mediated by monopolar magneticfields, 
see Fig, 3. 

This interaction is indeed magnetic, hence the presence of the 
vacuum permeability (4, and not 1/€9, the inverse of the vacuum 
permittivity. It takes only a finite energy to separate the monopoles 
to infinity (that is, they are deconfined), and so they are the true 
elementary excitations of the system: the local dipolar excitation 
fractionalizes. 

By taking the pictures from the dumbbell representation seriously, 
we may be thought somehow to be introducing monopoles where 
there were none to begin with. In general, it is of course well known 
that a string of dipoles arranged head to tail realizes a monopole- 
antimonopole pair at its ends'’. However, to obtain deconfined 
monopoles, it is essential that the cost of creating such a string of 
dipoles remain bounded as its length grows, that is, the relevant string 
tension should vanish. This is evidently not true in a vacuum (such as 
that of the Universe) where the growth of the string can only come at 
the cost of creating additional dipoles. Magnetic materials, which 
come equipped with vacua (ground states) filled with magnetic 
dipoles, are more promising. However, even here a dipole string is 
not always a natural excitation, and when it is—for example, in an 
ordered ferromagnet — a string of inverted dipoles is accompanied 
by costly domain walls along its length (except, as usual, for one- 
dimensional systems"), causing the incipient monopoles to remain 
confined. 

The unusual properties of spin ice arise from its exotic ground 
states. The ice rule can be viewed as requiring that two dipole strings 
enter and exit each site of the diamond lattice. In a typical spin-ice 
ground state, there is a ‘soup’ of such strings: many dipole strings 
of arbitrary size and shape can be identified that connect a given pair 
of sites. Inverting the dipoles along any one such string creates a 
monopole-antimonopole pair on the sites at its ends. The associated 
energy cost does not diverge with the length of the string, unlike in 
the case of an ordered ferromagnet, because no domain walls are 
created along the string, and the monopoles are thus deconfined. 

We did not make reference to the Dirac condition” that the fun- 
damental electric charge eand any magnetic charge qmust exhibit the 
relationship eq = nh/ jy whence any monopoles in our universe must 
be quantized in units of qr = h/sige. This follows from the monopole 
being attached to a Dirac string, which has to be unobservable'”. By 
contrast, the string soup characteristic of spin ice at low temperature 
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Figure 3 | Monopole interaction. Comparison of the magnetic Coulomb 
energy —Jiy@2,/(4rcr) (equation (2); solid line) with a direct numerical 
evaluation of the monopole interaction energy in dipolar spin ice (equation 
(1); open circles), for a given spin-ice configuration (Fig. 2e), asa function of 
monopole separation. 
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makes the strings energetically unimportant, although they are 
observable and are therefore not quantized. 

Indeed, the monopoles in spin ice have a magnitude qm = 
2plag = 2( Ulf) %Ac/2r.a4) qo ~ qo/8,000, where Ag is the Compton 
wavelength for an electron, and «& is the fine-structure constant. The 
charge of a monopole in spin ice can even be tuned continuously by 
applying pressure, because this changes the value of 1/ag. 

The monopoles are sources and sinks of the magneticfield H, as is 
appropriate to the condensed matter setting. More precisely, as in 
other instances of fractionalization”, we can define a ‘smeared’ mag- 
netic charge pyy(R)= J d°r’ exp(—|r’—R|"/) VH, where V « His 
the divergence of the magnetic field. For a monopole at the origin, 
separated by L>>€2-a from any other monopoles, this gives 
Pm(0) = +4m- The form of the magnetic induction B is also mono- 
polar, but with the important difference that a compensating flux 
travels along the (unquantized) ‘Dirac string’ of flipped dipoles 
created along with the monopole (see Fig. 2). 

Our magnetic monopoles would in principle show up in one of the 
best-known monopole searches, the Stanford experiment to detect 
fundamental magnetic monopoles from cosmic radiation. This 
experiment is based on the fact that a long-lived current is induced 
in a superconducting ring when a monopole passes through it®. We 
can easily check that the presence of the Dirac string of flipped dipoles 
is immaterial to the establishment of a current. 

The above observations are the central qualitative results of our 
work: ice-rule-violating defects are deconfined monopoles of H, 
they exhibit a genuine magnetic Coulomb interaction (see equation 
(2)), and they produce Faraday electromotive forces in the same way 
as elementary monopoles would. 

Were-emphasize that the ice rule alone does not permit a consist- 
ent treatment of the excited states of the physical problem: crucially, 
the energetic interaction between our defects is absent altogether. 
Also, in previous discussions of the purely ice-rule problem and 
related short-range problems''"* it has been noted that the defects 
do acquire a purely entropic Coulomb (that is, 1/r) interaction, 
which has a strength that vanishes proportionally to T at low tem- 
peratures. This interaction willbe present in addition to the magnetic 
Coulomb interaction discussed in this paper, and is clearly much 
smaller as T—>0. Also, it will not be accompanied by a magnetic 
field, it will not renormalize the monopole charge, and it will not 
be felt by a stationary magnetic test particle that is embedded in the 
lattice but is not attached to a lattice site. 

The most satisfactory way to demonstrate the presence of amono- 
pole would be to measure the force on magnetic test particles, say bya 
Rutherford scattering experiment or by clever nanotechnological 
means. Unfortunately, given the lack of elementary magnetic mono- 
poles, we would have to use dipoles as test particles, which signifi- 
cantly weakens such signatures. 

Analternative strategy is to look for consequences of the presence 
of magnetic monopoles in the collective behaviour of spin ice. This is 
most elegantly achieved by applying a magnetic field in the [111] 
crystallographic direction. Such a field acts as a (staggered) chemical 
potential (see Fig. 2), favouring the creation of monopoles ofa given 
sign on either sublattice of the diamond lattice. 

We thus have a tuneable lattice gas of magnetic monopoles on the 
diamond lattice. The basic structure of the phase diagram as a func- 
tion of magnetic field and temperature can be inferred from work by 
Fisher and collaborators in the context of ionic lattice gases and 
Coulombic criticality. At high T, there is no phase transition but a 
continuous crossover between the high- and low-density phases as 
the chemical potential is varied. At low T, a first-order phase trans- 
ition separates the two regimes. This transition terminates in a critical 
point at (h,, T,), not unlike the liquid-gas transition of water. This 
serves as a useful diagnostic, because the liquid-gas transition is 
absent for a nearest-neighbour spin-ice model, in which defects inter- 
act only entropically. In that case, it is known that there cannot be a 
first-order transition in the limit of low T (ref. 22). 
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To confirm this scenario, we have demonstrated by Monte Carlo 
simulations that the actual phase diagram of dipolar spin-ice model 
has precisely this structure. To rule out the appearance of the liquid— 
gas transition being due to effects introduced by the approximations 
leading to equation (2), we simulated directly the original dipolar 
spin-ice model, equation (1). The resulting phase diagram is depicted 
in Fig. 4. The critical endpoint is located around (Teyhc) = 
(0.57 £0.06 K, 0.86 + 0.03). The error bars are mainly due to 
finite-size effects, as the intensive nature of the simulations of long- 
range dipolar interactions prohibits simulating very large systems. 

This scenario is indeed observed experimentally in spin-ice mate- 
rials, and our results provide a natural explanation. Spin ice in a 
[111] magnetic field is a problem that has already attracted consi- 
derable attention. The low-density phase of monopoles is known as 
kagome ice, a quasi-two-dimensional phase with algebraic correla- 
tions and a reduced residual entropy®**, The high-density phase is 
an ordered state with maximal polarization along the field direction. 
Experimental results on the liquid-gas transition and its endpoint are 
also displayed in Fig. 4 for comparison. Our numerical results are in 
good qualitative agreement with both experiment and the analytic 
calculations of ref. 21. Our value of the critical field agrees with ref. 6 
to within a few per cent, which is less than the uncertainty due 
to demagnetization effects*”. However, the experimental value of 
T, is about a third lower than the numerical one, most probably 
due to farther-neighbour (exchange) interaction terms, which— 
although small—can shift the location of a transition temperature 
considerably”, 

‘The presence of a liquid-gas transition was noted to be very 
remarkable because there are few, if any, other experimentally known 
instances in localized spin systems*. No mechanism was known to 
account for this phenomenon, and our theory of magnetic mono- 
poles fills this gap. 

‘The existence of magnetic monopoles in a condensed matter sys- 
temis exciting in itself. (The monopoles appearing in the interesting 
work on the anomalous Hall effect are not excitations and do not 
involve the physical magnetic field.) Moreover, these monopoles 
are a rare instance of high-dimensional fractionalization, of interest 
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Figure 4 | Phase diagram of spin ice in a [111] field. The location of the 
monopole liquid-gas transition from numerics (blue line) compared to. 
experiment (black line; ref. 6). The solid lines are first-order transitions 
terminated by critical endpoints (filled circles). The dashed lines are 
crossovers. The inset shows magnetization curves showing the onset of first- 
order behaviour as the temperature is lowered. Our simulations cover the 
range 0.335K < T<0.8 K for 1,024 spins. At the lowest temperatures, the 
parallel tempering code we use in our simulations of the Ewald-summed 
dipolar interaction no longer completely suppresses the hysteresis, and we 
have extended the first-order transition line using Clausius-Clapeyron, 
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in fields as diverse as correlated electrons and topological quantum 
computing”. We hope our analysis will encourage experiments 
aimed at directly detecting these monopoles. There are many avenues 
to explore in search of useful signatures, among them scattering, 
transport and noise measurements, and flux detection. 
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Three-dimensional atomic-scale structure of 
size-selected gold nanoclusters 


Z. Y.Li', N. P. Young’, M. Di Vece', S. Palomba’, R. E. Palmer’, A. L. Bleloch’, B. C. Curle 


& J. Yuan* 


An unambiguous determination of the three-dimensional struc- 
ture of nanoparticles is challenging’. Electron tomography 
requires a series of images taken for many different specimen 
orientations’. This approach is ideal for stable and stationary 
structures*. But ultrasmall nanoparticles areintrinsically structur- 
ally unstable and may interact with the incident electron beam**, 
constraining the electron beam density that can be used and the 
duration of the observation. Here we use aberration-corrected 
scanning transmission electron microscopy’, coupled with simple 
imaging simulation, to determine with atomic resolution the size, 
three-dimensional shape, orientation and atomic arrangement of 
size-selected gold nanoclusters that are preformed in the gas phase 
and soft-landed on an amorphous carbon substrate. The struc- 
tures of gold nanoclusters containing 3096 atoms can be iden- 
tified with either Ino-decahedral, cuboctahedral or icosahedral 
geometries. Comparison with theoretical modelling of the system 
suggests that the structures are consistent with energetic consid- 
erations. The discovery that nanoscale gold particles function as 
active and selective catalysts for a variety of important chemical 
reactions has provoked much research interest in recent years**, 
We believe that the detailed structure information we provide 
will help to unravel the role of these nanoclusters in size- and 
structure-specific catalytic reactions''. We note that the tech- 
nique willbe of use in investigations of other supported ultrasmall 
metal cluster systems. 

Scanning transmission electron microscopy (STEM), in the mode 
where incoherently scattered electrons are collected by a high-angle 
annular dark field (HAADF) detector, is appealing as a method of 
probing three-dimensional structure of nanoparticles (via an analysis 
of the intensity map froma single HAADE-STEM image) because its 
intensity is strongly dependent not only on the atomic number Zof 
the observed atoms but also onthe number of atoms in acolumn'*"*. 


Figure 1| High-resolution HAADF-STEM images of Auto clusters on a 
carbon film. Typical images show various outline shapes, that is, cluster 
projections: pentagon (a), square (b) and hexagon (c). The intensity 
variation within the clusters clearly demonstrates atomiccolumn resolution. 


?/R. L. Johnston’, J. Jiang* 


The recent successful implementation of spherical aberration (C;) 
correction in STEM" enables us to achieve the same analysis, but 
now at the atomic scale. We show that, by combining quantitative 
HAADE-STEM analysis with molecular-dynamics-based model 
structure search procedures and realistic image contrast simulations, 
it is possible to identify not only the size and shape but also the 
structure and orientation of soft-landed Au nanoclusters. 

We demonstrate this for size-selected Auy (where N = 309 + 6) 
clusters, where Augo9 is known to be a possible ‘magic number’ 
nanocluster (see Supplementary Information). Figure la-c displays 
three high-resolution HAADF images taken from a Augog nanopar- 
ticle. The images show outline shapes, which are approximately pen- 
tagonal, square and hexagonal, respectively. Close inspection of the 
intensity variation within the individual cluster images further 
reveals that the arrangement of the atomic columns varies from 
one cluster morphology to the other. Single Au atoms are also visible 
in the vicinity of the clusters or occasionally some distance away (two 
such atoms are marked by the circles in Fig, la and c). We have 
imaged the same clusters in several successive frames. The clusters 
sometimes move/rotate by small amounts and sometimes their struc- 
tures change too. The individual atoms imaged on the carbon surface 
around the cluster also move from one frame to the next. The images 
shown in Fig, 1 are the first-pass images in each case. 

To establish a foundation on which to analyse quantitatively the 
structure of the Auzog clusters, we carried out a series of integrated 
HAADF intensity measurements on size-selected Au clusters in the 
size range N = 55-1,500 atoms. For each sample, the HAADF inten- 
sity integrated over each cluster shows a narrow distribution (see 
Fig, 2 inset for N = 309). The mean intensity value taken for each 
cluster size is plotted as a function of the selected-size N in Fig. 2, 
where the standard deviation is used for estimating the error bars. 
The finite width of the distribution can be attributed partly to the 
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Single atoms can be seen in the vicinity of the clusters, as indicated by the 
circle in ¢, and occasionally some distance away, as indicated by the circle in 
a. Resolution of the mass selector is +2%. 
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Figure 2 | Relationship between integrated HAADF intensity and size of 
goldclusters. Integrated HAADF intensity of size-selected Au clusters on 
amorphous carbon film plotted as a function of the number of atoms they 
contain, showinga linear relationship, The line isdrawn as aguideto theeye. 
Each data point is obtained from a statistical intensity distribution analysis 
over a large number of clusters with a given number of atoms. The standard 
deviation is used for estimating the error bars. An example of such a 
distribution for Ausgg is shown in the inset. 


resolution of the mass-selector (+2%) and suggests that dusters soft- 
landing on the surface do not suffer significant fragmentation or 
coalescence. This is consistent with the results of our detailed image 
analysis, which reveals no extensive rafts of single atom layers on the 
amorphous carbon support, apart from a few ‘shake-off atoms. 
Figure 2 showsthat the integrated HAADF intensity from the clusters 
increases linearly with the number of constituent atoms up to about 
N=1,500. This linearity implies that, at small cluster size, atoms 
within the cluster contribute equally to the total scattered electron 
signal detected by the HAADF detector. 

The linearity shown in Fig, 2 also suggests that the HAADF inten- 
sities for the individual atomic columns in Fig. 1 can be directly 
associated with the number of atoms in each column. The clear 
five-fold symmetry in the atomic column arrangement in Fig, 1a, 
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for example, suggests that the cluster has Ino-decahedral geometry 
and is oriented on the substrate such that the five-fold axis is parallel 
to the electron beam, as shown in the hard-sphere representation in 
Fig. 3a. Figure 3b displays an illustrative line intensity profile from the 
centre of this cluster to one of the corners, averaging over three 
experimental pixels (equal to 0.9A). Five peaks and a shoulder 
(marked by the arrow) are apparent, with the peak intensity decreas- 
ing gradually towards the corner. Using a simple kinematical 
approach, the simulated HAADF-STEM image of the decahedral 
Ausog cluster is shown in Fig, 3c, together with the intensity profile 
(the solid red curve), The correspondence between the simulated 
profile (Fig, 3c), and the experimental profile (Fig. 3b), with respect 
to both the peak positions and the relative peak intensities, is remark- 
able, indicating the correct identification of the atomic columnstruc- 
ture. An icosahedron also has a five-fold rotational symmetry axis; 
however, the rotation-reflection symmetry of this structure results 
in a STEM image having ten-fold symmetry, and the technique 
described has the potential to discriminate between these two pos- 
sible structures (see Supplementary Information). We have also con- 
ducted a full dynamical calculation using the multislice method’*. 
The corresponding line profile is shown by the dashed line in Fig. 3c. 
The similarity between the two simulated line profiles confirms the 
validity of the simple kinematical approximation for HAADE-STEM 
image simulation of the Aug clusters and that the quantization of 
the HAADF intensity correlates directly with the quantization of the 
number of the atoms. 

Close comparison between Fig, 3b and c also highlights a discrep- 
ancy in the atom columns at the edge of the cluster. The experimental 
intensity of the outermost atomic column is significantly lower than 
those predicted by either simulation. In addition, an extra shoulder 
appears in the experimental profile, as indicated by the arrow, witha 
peak intensity lower than that of the isolated single Auatom observed 
on the same sample (Fig. 1a). This shoulder exists for all the clusters 
inspected, irrespective of their shape. The discrepancy cannot be 
wholly explained by effects such as the rocking movement of the 
cluster under the electron beam, electron-beam scan instability or 
noise from other sources, because all these effects would result in the 
smearing out of the overall image. We take it as evidence that atoms 
in the surface layer of the clusters fluctuate significantly, on a time- 
scale shorter than the period for the data acquisition. This is similar 


Figure 3| Three-dimensional atomic structure 

of a gold cluster (N= 309 + 6). a, Three- 

dimensional atom density profile of Attsoe 
+ derived from Fig, 1a. A hard-sphere model for an 
Ino-decahedral structure is shown with the 
electron beam (arrow) parallel to the five-fold 
axis, b, Experimental intensity line profile taken 
from the central atom column of the cluster to 
one of the corners (indicated in inset with red 
line. c, Simulated HAADF-STEM image (inset), 
obtained with a simple kinematical approach, of 
an Ausoo cluster with Ino-decahedral geometry. 
Anintensity profile (solid curve) across one ridge 
(indicated in inset with red line) is compared with 
the result from a full dynamical multislice 
calculation (dashed line). 
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to the dynamic motion of surface atoms previously observed for 
larger nanopartides”"*. 

‘The observed structures of the Au clusters can be understood from 
their calculated total potential energies for different polyhedral 
geometries (icosahedral, Ino-decahedral and cuboctahedral) as a 
function of the number of constituent atoms. After local energy 
minimization, it was found that, for very small Au clusters 
(N< 100), the icosahedral structure is much more stable than the 
Ino-decahedral and the cuboctahedral structures. The total potential 
energy is in the order of: icosahedral < Ino-decahedral < cuboctahe- 
dral. However, for the larger dusters (N ~ 500-1,000), the order of 
stability begins to change, with the Ino-decahedral structure becom- 
ing more stable than the icosahedral geometry: Ino-decahedral < 
icosahedral < cuboctahedral. Further increasing the cluster size 
results in the order of stability changing to: Ino-decahedral < 
cuboctahedral < icosahedral. For Ausog, the difference in total energy 
between different geometries was less than 1.2 eV (that is, less than 
3.88 meV per atom) from the most stable to the least stable. 
Moreover, there are many local energy minima and the energy bar- 
tiers between these structures are small. These results support our 
experimental findings that no onestructure dominates. For Augog, we 
see a similar proportion of clusters with Ino-decahedral (32%) and 
cuboctahedral (25%) structures and a much lower population of 
icosahedral structures (8%). In the remaining population, some 
clusters show irregular facets and some do not show any ordered 
geometry, possibly because of significant rearrangement of the 
outer-shell atoms, akin to the solid—liquid phase coexistence pre- 
dicted for other systems’®. Given the narrow size distribution of the 
deposited clusters, our results may shed light on the relative struc- 
tural stabilities of the various cluster isomers in the gas phase, 
information that has solicited many theoretical investigations but 
little hard experimental evidence. 

In conclusion, we have demonstrated the suitability of high-angle 
annular dark-field imaging in the aberration-corrected STEM for 
detailed structural and stability analysis of size-selected metallic clus- 
ters on solid supports at atomic resolution. The multiplicity of cluster 
geometries revealed by our detailed study of the atomic arrangement 
of soft-landed Auog clusters on amorphous carbon supports is con- 
sistent with many local energy minima predicted for clusters of this 
size by cluster simulations. Evidence for increased fluctuations and 
motion of cluster surface atoms relative to the coreatoms within the 
Augog clusters may reflect an inherent property of the nanometre- 
sized gold clusters that could be related to their enhanced catalytic 
properties through much reduced coordination, Vertical depth 
information can be extracted from a single projection, with single- 
atom sensitivity, opening up the possibility to use the technique as a 
routine three-dimensional structural characterization tool for small 
nanoparticles at the atomic-scale level, with the help of image simu- 
lation based on ab initio duster modelling including dynamical 
effects. The experimental approach has practical advantages, such 
as the more relaxed constraints on cluster stability'”*. When com- 
bined with time-lapsed imaging techniques, our approach could 
provide the dynamical insight into the atomistic structural changes 
of nanoparticles that commonly occur in some catalytic reactions”. 


METHODS SUMMARY 


‘The gold clusters are formed by gas-phase condensation of sputtered atoms ina 
rare-gas atmosphere”, size-selected by a lateral time-of-flight mass spectro- 
meter and soft-lnded on an amorphous carbon support® for examination 
by high-angle annular dark-field STEM, using a spherical-aberration-corrected 
machine for the atomically resolved imaging’. The three-dimensionel atomic 
structures of the size-selected clusters are obtained by comparison of the experi- 
mental results with both kinematic and dynamical image simulations", based 
‘on structural models optimized by a realistic many-body potentia*”, 
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Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Net carbon dioxide losses of northern ecosystems in 
response to autumn warming 


Shilong Piao’, Philippe Ciais', Pierre Friedlingstein', Philippe Peylin”, Markus Reichstein’, Sebastiaan Luyssaert’, 
Hank Margolis’, Jingyun Fang®, Alan Barr’, Anping Chen®, Achim Grelle’, David Y. Hollinger’®, Tuomas Laurila™’, 
Anders Lindroth'?, Andrew D. Richardson” & Timo Vesala'* 


The carbon balance of terrestrial ecosystems is particularly sensi- 
tive to climatic changes in autumn and spring’, with spring and 
autumn temperatures over northern latitudes having risen by 
about 1.1 °C and 0.8 °C, respectively, over the past two decades*. 
A simultaneous greening trend has also been observed, characte- 
rized by a longer growing season and greater photosynthetic acti- 
vity®”, These observations have led to speculation that spring and 
autumn warming could enhance carbon sequestration and extend 
the period of net carbon uptake in the future’. Here we analyse 
interannual variations in atmospheric carbon dioxide concentra- 
tion data and ecosystem carbon dioxide fluxes. We find that atmo- 
spheric records from the past 20 years show a trend towards an 
earlier autumn-to-winter carbon dioxide build-up, suggesting a 
shorter net carbon uptake period. This trend cannot be explained 
by changes in atmospheric transport alone and, together with the 
ecosystem flux data, suggest increasing carbon losses in autumn. 
We use a process-based terrestrial biosphere model and satellite 
vegetation greenness index observations to investigate further the 
observed seasonal response of northern ecosystems to autumnal 
warming. We find that both photosynthesis and respiration 
increase during autumn warming, but the increase in respiration 
is greater. In contrast, warming increases photosynthesis more 
than respiration in spring. Our simulations and observations 
indicate that northern terrestrial ecosystems may currently lose 
carbon dioxide in response to autumn warming, with a sensitivity 
of about 0.2PgC°C™', offsetting 90% of the increased carbon 
dioxide uptake during spring. If future autumn warming occurs 
at a faster rate than in spring, the ability of northern ecosystems 
to sequester carbon may be diminished earlier than previously 
suggested™?, 

The carbon balance of terrestrial ecosystems is highly sensitive to 
climate changes at the edges of the growing season'~. In response to 
warmer springs, for example, several field studies have shown that 
boreal forests absorb more carbon'*"? as a result of an earlier begin- 
ning of the growing season’™"*. A strong autumn warming is cur- 
rently occurring in eastern Asia and eastern North America'’. 
However, little attention has been given to the impacts of this forcing 
on the terrestrial carbon cycle. We have analysed how interannual 
variations and trends in autumn temperatures have recently affected 
atmospheric CO, concentrations, ecosystem CO) fluxes measured by 
eddy covariance, and remotely sensed vegetation greenness values. A 


process-oriented terrestrial biosphere model (ORCHIDEE)"* is com- 
bined with an atmospheric transport model (LMDZt)"’ to quantify 
the processes through which autumn warming controls the carbon 
balance of ecosystems (see Methods). 

The seasonal cycle ofatmospheric CO, concentrations provides an 
integrated measure of the net land—atmosphere carbon exchange (net 
ecosystem productivity; NEP) and its temporal characteristics'*"”. 
We analysed the ten atmospheric CO, measurement records from 
the NOAA-ESRL air-sampling network”, which cover at least 15 
years of data in the Northern Hemisphere (Fig. 1 and Supple- 
mentary Table 1). The upward zero-crossing date of CO, was deter- 
mined as the day when the de-trended atmospheric CO2 seasonal 
cycle crosses the zero line from negative to positive values (see 
Methods). This date occurs in autumn at northern high-latitude 
stations and in early winter at northern tropical stations (Supple- 
mentary Table 1). We found that variations in the CO, zero-crossing 
date are negatively correlated with anomalies in autumn air tempera- 
tures’ over a broad region surrounding each station by +20° of lati- 
tude. All CO, records show a negative correlation, with four out of 
ten sites having statistically significant correlations (Supplementary 
Table 2). The probability that this occurs purely by chance is est- 
mated to be about 10~° if all station records are assumed to be 
independent (see Supplementary Information). The striking anti- 
correlation between autumnal temperature and CO, zero-crossing 
date is illustrated in Fig. 1a for the 23-year-long atmospheric m 
surement record of Point Barrow in northern Alaska (R= —0.61, 
P=0.002). In contrast with the widespread influence of temperature, 
the upward CO, zero-crossing date shows no significant correlation 
with precipitation anomalies (Supplementary Table 2). If soil mois- 
ture calculated by the ORCHIDEE model (see Methods) is used 
instead of precipitation asa predictor of CO, upward zero-crossing 
dates, then only six of the ten sites show a positive correlation, and 
only three of the ten sites showa higher correlation with soil moisture 
than with temperature. Similar results are also inferred from a partial 
correlation analysis in which the controlling effects of other variables 
on temperature were removed (Supplementary Table 2). 

We verified that the strong negative correlation between upward 
CO, zero-crossing date and temperature predominantly reflects 
climate-driven fluctuations in NEP, rather than interannual fluctua- 
tions in atmospheric transport. To do so, we prescribed either vari- 
able NEP or climatological NEP fluxes from ORCHIDEE to the 
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global transport model LMD2Zt driven by variable wind fields (see 
Methods). With the exception of the Mt Cimone (CMN) and Cape 
Kumukahi (KUM) stations, we found that the fluctuations in upward 
zero-crossing dates are driven mainly by changes in NEP, and only 
partly by interannual wind changes (see Methods, Supplementary 
Table 3 and Supplementary Fig. 1). We also verified that accounting 
for increasing ocean uptake and fossil fuel emissions in the LMDZt 
transport model did not significantly affect the zero-crossing dates 
because these two fluxes contribute less than 4% of the variation for 
all sites (except for station KUM). The possible changes in seasonal 
fossil fuel emissions over time may only marginally impact the 
upward CO} zero-crossing date changes (see Methods), 

There is also a long-term trend in the autumn upward zero- 
crossing date ofatmospheric CO superimposed on interannual fluc- 
tuations. At Point Barrow, for instance, we determined a systematic 
advance of —0.40 day yr~' (Fig. 1b), which was not primarily caused 
by changes in atmospheric transport, because the trends in zero- 
crossing date simulated with climatological ORCHIDEE fluxes and 
interannual transport are only about —0.12 day yr_', Overall, eight 
of ten sites show an carlier trend in upward zero-crossing date, with 
four sites being statistically significant (Fig. 1b). This trend towards 
earlier or increased ecosystem losses of CO; in autumn becomes 
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Figure 1| Atmospheric CO, concentration data analysis from long-term 
records of the global NOAA-ERSL air-sampling network. a, Interannual 
variability in anomaly of upward zero-crossing date (red) observed at 
Point Barrow, Alaska, and the corresponding autumn (September to 
November) temperature (black) over the region between 51° and 90° N over 
the past two decades. Upward zero-crossing date is strongly anti-correlated 
with autumn temperature (slope A days°C'; R= —0.61, P= 0.002). 
‘The vertical dotted line indicates the time of the eruption of Mount 
Pinatubo. b, Trends in upward zero-crossing date (red) and length of the net, 
CUP (green) from long-term Northern Hemisphere atmospheric 
observations duringat least the past 15 years (see Methods). The differences 
in the trends between autumn upward zero-crossing date and CUP reflects 
changes in the spring downward zero crossing, Asa result of the earlier 
autumn upward zero-crossing date, CUP has persistently decreased by an 
average of 0.36 + 0.38 days per year since 1980, The inset shows the 
distribution of the stations used in this study. Station abbreviations are 
defined in Supplementary Table 1. 
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apparent when analysing CO data from the past decade, whereas 
it was non-existent in the CO? data from 1970 to 1994 (ref. 18) asa 
result of the time-frame of their analysis. This trend towards larger 
autumn CO; losses is not a legacy from drier summers”, because 
atmospheric CO, data show that weaker summer CO, minima are 
not significantly associated with an advanced upward zero-crossing 
date at all sites. The advance in autumnal atmospheric CO} zero- 
crossing date clearly exceeds that of the spring zero-crossing date 
(Supplementary Table 3). Thus, the duration of the net carbon 
uptake period (CUP), defined as the difference between autumn 
upward and spring downward CQ; zero-crossing dates, has on aver- 
age decreased at nearly all Northern Hemisphere atmospheric CO> 
stations (Fig. 1b), 

Next, we analysed 108 site-years of eddy-covariance CO2 measure- 
ment data from 24 northern ecosystem sites (Supplementary Table 4) 
to quantify the response of the CUP ending date to interannual 
variations in autumn temperature (see Methods). All sites combined 
show that the CUP terminates systematically earlier when autumn 
conditions are warmer, and vice versa (Fig. 2). Further, stronger 
temperature anomalies seem to have stronger effects on ecosystem 
carbon balance than weak anomalies (P<0.05). Hence, despite a 
large scatter in the individual yearly eddy-covariance CUP dates 
(see insets to Fig. 2), these micrometeorological observations corro- 
borate the atmospheric concentration records. 

‘The large-scale atmospheric concentration records, taken together 
with the ecosystem-scale eddy-covariance flux measurements (about 
1 km”) suggest that warmer temperatures in autumn increase eco- 
system CO; losses by shortening the net CUP. This finding stands in 
apparent contradiction of the autumn ‘greening’ and longer-lasting 
vegetation activity detected at mid-to-high northern latitudes by 
remote sensing*’ and by numerous in situ phenological indica- 
tors'?. However, the underlying mechanisms and processes are 
yet to be explained. NEP results from the balance between gross 
primary photosynthesis (GPP) and total ecosystem respiration 
(TER), necessitating separate investigations into the response of each 
gross flux to temperature changes. We provide some indication of 
possible controlling mechanisms by using the ORCHIDEE terrestrial 
biosphere simulation model forced by variable climate fields over the 
period 1980-2002 (see Methods). The model’s ability to capture the 
timing of the CUP and the length of the growing season successfully 
was verified by using the following: first, eddy-covariance CO, flux 
measurements'*, second, satellite-derived observations of global 
leaf area index*, and third, interannual and seasonal variations in 
atmospheric CO, (see Methods and Supplementary Fig. 1). Results 
from these studies suggest that it is possible to use this model tool to 
help in disentangling the response of photosynthesis, respiration and 
NEP to climate variability. 

Simulated September to November NEP shows a trend towards 
increasing carbon losses in the Norther Hemisphere (north of 
25°N) at a rate of 13TgCyr' (P=0.01) during 1980-2002. 
In the ORCHIDEE model long-term simulation, the increasing 
autumn source of carbon to the atmosphere offsets about 90% of 
the increasing carbon sink in spring. This result is consistent with 
the atmospheric concentration analysis (Supplementary Table 3). 
Weattribute the trend in net carbon loss during autumn to increases 
in TER (21 TgC yr!) dominating over increasing GPP (8 TgC yr! 
owing to delayed leaf senescence). In autumn, both modelled GPP 
and TER increase with increasing temperature, but the tempera- 
ture sensitivity of TER (5.0gCm~* °C™') exceeds that of GPP 
(2.5gCm™?°C"'), This is due to limitations of radiation and 
temperature on GPP during the autumn”, and to soil desiccation 
carried over from the summer dry period”. As a result, autumn NEP 
is simulated to be an increasing source of CO in response to 
warming, with a mean sensitivity of —2.5gCm~?°C~! (or about 
—02PgC°C™ "north of 25° N), which is comparable to that derived 
from eddy-covariance measurements (—3.2 gC m~?°C™'; Fig. 2). 
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Figure 2| Eddy-covariance flux data analysis 
11@) from boreal sites in North America and Eurasia. A 
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total of 108 site-years have been aggregated in this, 
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figure. The average (blue) and median (green) 
anomaly of ending date of net CUP is shown for 
different autumn temperature anomalies binned 
into 0.5 °C intervals. The top horizontal axis labels 
correspond tothe number of site-yearsand sites (in 
parenthesis) in each temperature bin. The bottom 
left inset shows the relationships between ending 
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(y= —1.7x— 0.0087, P = 0.07). If we exclude the 
four site-years with the most extreme cold 
anomalies (AT< —2°C), the negative correlation 
between CUP ending date and temperature 
becomes highly significant (P = 0.03) and theslope 
is steeper (y = —2.4x + 0.3007), suggesting that 
below a certain threshold of cold anomaly there is 
no further decrease in respiration. The top right 
V inset shows the relationships between autumn 
NEP and temperature anomalies. A positive NEP 
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Our results suggest that net carbon uptake of northern ecosystems 
is being decreased in response to autumnal warming. The spatial 
distribution of the response of carbon flux to temperature, as pro- 
jected by the ORCHIDEE model, is shown in Fig. 3. Warmer 
autumns coincide with greater than normal GPP (Fig. 3a). 
However, because of a concurrent stimulation of plant respiration, 
the geographical area where autumn NPP increases with temperature 
(slope >5gCm~?°C™') is much less extensive than the area where 
GPP increases (Fig. 3b). The spatial pattern of theautumin increase in 
NPP in response to warming is remarkably similar to that of the 
NOAA/AVHRR vegetation index (NDVI) data?® (Fig. 3d), suggesting 
that results from the ORCHIDEE model for NPP are realistic. 
However, this ‘extra’ autumn NPP is being accompanied by even 
more respiration in response to warming, so that the modelled 
NEP response shows systematic anomalous carbon losses during 
warmer autumns, in particular over North America and Europe 
(Big. 3c). 

Observed historical climate data® reveal that Eurasia experienced a 
stronger warming in spring (0.06 “Cyr” ', P = 0.001) than in autumn 
(0.02 °Cyr™!, P= 0.15) over the past two decades. In contrast, North 
‘America has experienced a larger warming in autumn (0.05°Cyr~!, 
P=0.03) than in spring (0.02 °C yr” |, P = 0.36). Inaddition, a more 
significant and coherent greening pattern in Eurasia than in North 
America has been detected in the remote sensing data’. This suggests 
that the processes and the magnitude of seasonal changes in NEP in 
Eurasia and North America are different, which may control the 
annual carbon balance of their ecosystems. Further constraints on 
the spatial and temporal patterns of large-scale ecosystem fluxes will 
be delivered in the future from atmospheric inversions constrained 
with longer-term ecosystem flux data. 

Applying the future Northern Hemisphere warming of 3.8-6.6 °C 
predicted by a climate modeF* to the sensitivity of the autumn zero- 
crossing date of atmospheric CO at Point Barrow (about 5 
days°C-') gives a projected advance of 19-33 days by the end of 
the twenty-first century. Previous model assessments of the response 
of land ecosystems to climate change concluded that terrestrial car- 
bon sinks should peak by about the year 2050 and then diminish 
towards the end of the twenty-first century’"’. The asymmetrical 
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“y.5t02 value indicates an increased carbon uptake. 
Autumn was defined as the 60-day interval around 
the average CUP ending date for each site. Eddy- 
covariance data show increased carbon losses 
under warmer conditions, with a temperature 
sensitivity of NEP of —3.2gCm*°C* 

(y= —3.17x—5X 107%, P= 0.04). 
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Figure 3 | A model view of the spatial distribution of the effects of autumn 
(September to November) temperature warming on gross and net carbon 
fluxes, obtained with the ORCHIDEE model. 2, ORCHIDEE model-derived 
autumn GPP. b, ORCHIDEE model-derived autumn NPP. c, ORCHIDEE 
model-derived autumn NEP. d, Sum of satellite-derived autumn normalized 
difference vegetation index (NDVI). The sensitivity is expressed as the 
linearly regressed slope of autumn carbon flux or of NDVI against autumn 
temperature for each pixel over the past two decades. A positive slope of NEP 
indicates that terrestrial carbon uptake is increasing with warmer 
temperatures, and vice versa. Areas with a low sensitivity or insignificant 
(P>0.05) relationships between the variables are coloured in grey. 
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impact of autumn versus spring warming on ecosystem carbon 
exchange contributes significant uncertainty to future projections. 
Ifwarming in autumn occurs ata faster rate than in spring, the ability 
of northern ecosystems to sequester carbon may diminish in the 
future. Acquiring a greater understanding of responses of terrestrial 
ecosystems to climate trends at the edges of the growing season, 
including potential acclimation processes, is clearly a priority, and 
should come from controlled ecosystem experiments and long-term 
eddy-covariance data sets. 


METHODS SUMMARY 
We analysed the effects of autumn temperature on the carbon balance of 
northern ecosystems at different scales, using three different methods. 

First, we used smoothed flask CO, data from the NOAA/ESRL network" to 
characterize changes in the seasonal CO, zero-crossing dates!” for ten stations 
over the Northern Hemisphere (Fig. 1). We correlated each zero-crossing date 
with the corresponding observed temperature? or precipitation’ in spring 
(March to May) and autumn (September to November), and with the 
ORCHIDEE'*-modelled soil moisture content. The trends in CO) zero-crossing 
dates and their correlation with climate factors were computed by using linear 
least-squares regression. The significance of statistical analyses in this study 
were assessed on the basis of two-tailed significance tests. To isolate further 
the contribution of fluxes and transport to the year-to-year atmospheric CO2 
signal, we performed factorial simulation experiments in which NEP from the 
ORCHIDEE'S vegetation model forced by varying climate fields’ provided sur- 
face boundary conditions for simulated CO, in the atmospheric transport model 
LMD2t” driven by interannual winds. 

Second, we analysed the net CO, flux data measured by the eddy-covariance 
technique from 24northern ecosystem sites (Supplementary Table 4), The end of 
the CUPisdefinedas the last day in a year when the NEP five-day running means 
exceed zero. Autumn is defined as the interval of +30 days around the average 
CUP ending date at each site, We grouped the 108 year-site data into distinct 
0.5°C bins of autumn temperature anomaly. For each autumn temperature bin 
we calculated the median and mean anomaly of the ending date of the CUP. 

Third, hints on the processes that control the integrated autumn NEP res- 
ponse to temperature, through the individual sensitivity of photosynthesis and 
respiration, were provided by integrating the ORCHIDEE vegetation model'* 
forced by historic climate data’ during the period 1980-2002. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature,com/nature, 
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Vertical structure of recent Arctic warming 


Rune G. Graversen!, Thorsten Mauritsen!, Michael Tjernstrém!, Erland Kallén! & Gunilla Svensson! 


Near-surface warming in the Arctic has been almost twice as large 
as the global average over recent decades'*—a phenomenon that 
is known as the ‘Arctic amplification’. The underlying causes of 
this temperature amplification remain uncertain. The reduction 
in snow and ice cover that has occurred over recent decades®” may 
have played a role®*, Climate model experiments indicate that 
when global temperature rises, Arctic snow and ice cover retreats, 
causing excessive polar warming’ "!. Reduction of the snow and ice 
cover causes albedo changes, and increased refreezing of sea ice 
during the cold season and decreases in sea-ice thickness both 
increase heat flux from the ocean to the atmosphere. Changes in 
oceanic and atmospheric circulation, as well as cloud cover, have 
also been proposed to cause Arctic temperature amplification’?"”, 
Here we examine the vertical structure of temperature change in 
the Arctic during the late twentieth century using reanalysis data. 
We find evidence for temperature amplification well above the 
surface. Snow and ice feedbacks cannot be the main cause of the 
warming aloft during the greater part of the year, because these 
feedbacks are expected to primarily affect temperatures in the 
lowermost part of the atmosphere, resulting in a pattern of warm- 
ing that we only observe in spring. A significant proportion of the 
observed temperature amplification must therefore be explained 
by mechanisms that induce warming above the lowermost part of 
the atmosphere. We regress the Arctic temperature field on the 
atmospheric energy transport into the Arctic and find that, in the 
summer half-year, a significant proportion of the vertical struc- 
ture of warming can be explained by changes in this variable. We 
conclude that changes in atmospheric heat transport may be an 
important cause of the recent Arctic temperature amplification. 

‘The recent warming of the Earth’s surface is most probably due 
to an increase of atmospheric greenhouse-gas concentrations’. 
Although most greenhouse gases are fairly uniformly distributed 
around the globe, the temperature response to greenhouse-gas 
forcing is thought to be larger in polar than equatorial regions". 
Theresponse depends on various feedbacks within the climate system. 
In addition to snow andice processes, the strength of the atmospheric 
stratification constitutes such a feedback. The troposphere is more 
stably stratified in the polar regions than closer to the Equator. An 
increase in downwelling long-wave radiation at the surface (for 
example, due to an altered atmospheric CO, level) causes warming, 
which at high latitudes is confined to the lower troposphere"®, In the 
tropics, in contrast, the warming is distributed vertically by deep 
convection. It has also been proposed that the increase of polluting 
materials (such as black carbon) on Arctic ice and snow have caused 
albedo changes and added to the Arctic warming'’. Common to all 
these processes is that they are expected to induce the largest warming 
in the lowermost part of the atmosphere. 

The Arctic amplification can also be caused by other processes. 
Idealized experiments with models that have no surface-albedo feed- 
back also reveal a polar-temperature-amplification response to a 
doubling of CO, concentration”, It is found that the excessive 
Arctic warming is due to an increase of the atmospheric northward 


transport ofheatand moisture. These results are supported by obser- 
vational studies, which suggest that changes of the heat transport 
have added to the recent Arctic surface warming”. 

The linkage between Arctic warming and changes of atmospheric 
circulation has been investigated by studying various Northern 
Hemisphere circulation indices, such as that associated with the 
Arctic Oscillation”!, Generally, different phases of these indices are 
associated with linear temperature responses characterized by east- 
west heat redistribution between the mid-latitude ocean and land, 
whereas the high latitudes are less affected. However, in the winter 
season, high phases of the circulation indices are associated with a 
warmer Arctic. This warming is particularly pronounced over the 
northern rims of the continents'*"*. From the 1970s through to the 
mid-1990s, the indices were in their high phases, while since then, 
they have relaxed towards neutral values. The Arctic warming, on the 
other hand, has shown a persistently positive trend over the past 
30 years. It is therefore difficult to associate changes in these indices, 
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Figure 1| Averaged temperature trends around latitude circles for 
1979-2001 plotted versus latitude and height for the four seasons. Trends 
are shown for winter (a, December-February), spring (b, March—May), 
summer (¢, June-August) and autumn (d, September-November). The 
linear trends are estimated from monthly mean data usinga least-squares fit. 
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Figure 2 | Dark-month (November-February) anomalies of mean 
temperature relative to the 1850-1900 average as function of year. Data 
were obtained from land-station observations, In the main figure, the 
symbols represent means from individual years, whereas the lines show the 
temporal evolution when variability over timescales smaller than 20 years 
has been removed using a wavelet filter. Solid line and open circles are based 
‘on observations north of 65° N, while the dashed line and dots are for the 
entire Northern Hemisphere. Inset shows the smoothed temperature time 
series for the full instrumental period. The data were provided by the 
Climate Research Unit (CRU) as a 5° X 5° gridded data set”. 


such as the Arctic Oscillation index, with the recent Arctic warming 
trend. 

The vertical structure of the Arctic warming during the 1980s and 
1990s, based onthe ERA-40 reanalysis (see Methods), exhibits trends 
throughout large parts of the troposphere that are comparable in 
magnitude to those at the surface (Fig. 1). In fact, the Arctic warming 
in the reanalysis data shows clear maxima well above the surface in 
winter and in summer, and the trends are almost equal at heights 
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Figure 3 | Regressions of the 500 hPa temperature field on the 
atmospheric northward energy transport (ANET) across 60°N. a, 
Regressions averaged around latitude circles as a function of latitude and 
time lag; b, regressions for 5-day lag as a function of longitude and latitude, 
Solid and dotted contours indicate positive and negative regressions, 
respectively, In each point the regression has been scaled by the spatial 
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below the 400 hPa level in the atmosphere during autumn. This ver- 
tical structure is not consistent with the hypothesis that retreating 
snow and ice cover is the main cause of the amplification. Retreating 
snow and ice are associated with energy input at the surface, which— 
along with the stable stratification conditions often prevailing in the 
Arctic—means that this process would be expected to induce the 
largest temperature response in the lowermost part of the tro- 
posphere. But we only observe this vertical structure of warming in 
spring. It is worth noting that this is when the trends above the 
boundary layer are of comparable magnitude to those at the surface. 
We note that the lack of amplification near the surface in summer is 
consistent with expectations because surface air temperatures over 
the Arctic Ocean are constrained to be close to the freezing point 
owing to the melting of sea ice, but that the amplification aloft cannot 
be explained by surface feedbacks, 

Itis also notable that during the same period observations solely 
from Arctic land stations reveal an amplification of the temperature 
trend during the dark months, November-February (Fig, 2). This 
amplification cannot be explained by snow-cover changes, as 
the albedo effect is practically absent during this dark period. 
Moreover, the heat flux from the ground is very small. This is con- 
trary to conditions in the ice-free parts of the Arctic oceans during 
winter, where convection ensures that cold water at the surface is 
replaced by warmer water from below this process maintains a large 
vertical temperature gradient between the ocean surface and the cold 
atmosphere. In addition, reduction of sea-ice cover during summer 
results in increased sea-ice formation during autumn and winter, 
such that latent heat is stored during the warm season and released 
into the atmosphere during the subsequent months. 

So what are the mechanisms giving rise to the vertical structure of 
the Arctic warming? Changes in the advection of atmospheric energy 
into the Arctic region might imply Arctic warming with a maximum 
not necessarily located at the surface. Mid-tropospheric tempera- 
tures in the Arctic are sensitive to advection of energy across the 
Arctic boundary: this is evident from linear regressions of the 
Arctic 500hPa temperature field on the atmospheric northward 
energy transport (ANET) across 60° N (Fig. 3). Positive (negative) 
anomalies of the ANET at 60°N are followed by positive (negative) 
temperature anomalies over the Arctic area, where the anomalies of 


standard deviation of all regressions. Light- and dark-grey shading shows 
areas where regressions differ significantly from zero at the 99% and 99.9% 
level, respectively. The regressions indicate temperature anomalies 
associated withan ANET anomaly at lag zero. For instance, a positive ANET 
anomaly is followed 5 days later by warming and cooling north and south of 
60° N, respectively. 
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the temperatures lag those of the ANET by about 5 days (Fig. 3a). 
Positive regressions are found for positive time lag north of60° Nand 
for negative time lag south of 60°N, whereas the opposite distri- 
bution is found for negative regressions. In a statistical sense, this 
indicates that large energy transport follows conditions where a lar- 
ger-than-usual north-south temperature gradient at 60° N has pre- 
vailed. This transport, in turn, is succeeded by warming of areas 
north of 60°N and cooling south of this latitude—a signature of 
energy convergence and divergence north and south of 60°N, 
respectively. The warming evaluated at five-day lag (Fig, 3b) is dis- 
tributed over the major part of the Arctic area, whereas the cooling in 
the mid-latitudes is found over large parts of the continents. This 
linkage between the ANET across 60° N and the temperature field is 
found through the entire vertical extent of the troposphere (not 
shown), and is similar to that found from regressions of the surface 
temperatures on the ANET”. 

The ANET across 60° N has increased during recent decades, 
except in January and February. For the summer half-year, April 
through to October, the ANET can explain a substantial part of the 
Arctic temperature trends (Fig. 4). The part of the temperature trends 
that can be linked to the ANET (Fig. 4b) shows roughly the same 
vertical distribution as the total temperature trends (Fig. 4a), with a 
maximum at around 700 hPa. At 60° N, the ANET is mainly accomp- 
lished by atmospheric waves, such as Rossby waves and cyclone sys- 
tems. Hence, the ANET at mid-latitudes can be viewed as an index of 
atmospheric circulation patterns. This index appears to be an effi- 
cient indicator of a linkage between circulation changes and Arctic 
temperature trends. 
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Figure 4 | Averaged temperature trends around latitude circles for 
1979-2001 plotted versus latitude and height for April-October. a, Total 
trends; b, trends that are linked to the ANET across 60° N, The shadings 
indicate trends, and the white contours indicate areas where trends differ 
significantly from zero at the 99% and 99.9% level, respectively. 
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Other processes that might be important contributors to the 
warming above the surface include changes in cloud cover and the 
atmospheric water vapour content. In the Arctic, except possibly fora 
short summer period, persistent low clouds are believed to induce 
surface warming’. Often the greenhouse effect of clouds dominates 
over the albedo effect, as the clouds cover an already highly reflecting 
surface. By absorbing radiation, clouds may furthermore warm the 
atmosphere at the height where they are present. As a result, it is 
possible that an increase in cloud cover at a given atmospheric height 
may cause warming there. Observations from satellites indeed sug- 
gest an increase of Arctic cloud fraction in summer during the 1980s 
and 1990s”. Warming of the Arctic middle troposphere might also 
partly be an effect of changes in the atmospheric radiative properties. 
These changes could be associated with the above-mentioned 
increase in advection of energy, which is basically a transport of warm 
and/or moist air into the Arctic. The advection in itself accounts fora 
considerable part of the maximum warming at 700 hPa, but addi- 
tional warming at this height would occur if the advected air is more 
humid than the ambient air and hence absorbs long-wave radiation 
more efficiently; water vapour is an efficient greenhouse gas*. 

Our results do not imply that studies based on models forced by 
anticipated future CO; levels are misleading when they point to the 
importance of the snow and ice feedbacks, It is likely that a further 
substantial reduction of the summer ice-cover would strengthen 
these feedbacks and they could become the dominant mechanism 
underlying a future Arctic temperature amplification. Much of the 
present warming, however, appears to be linked to other processes, 
such as atmospheric energy transports. 


METHODS SUMMARY 


‘The ERA-40 reanalysis? dataare used for Figs 1, 3and 4, A discussion of the data 
quality and a comparison with two other reanalysis data sets are given in the 
Supplementary Discussion. The ANET at a given latitude is defined as the total 
energy flux across this particular latitude. Hence, this quantity constitutes one 
time series. Using daily data, the temperature field has been regressed on the 
ANET at 60°N for different time lags of the temperature field relative to the 
ANET (Fig. 3). When these regressions are multiplied by the ANET time series, 
projections of the temperature field on the ANET are obtained. On the basis of 
monthly mean data, linear trends of these projections have been estimated 
(Fig, 4) usinga least squares fit. A Monte Carlo approach with a large number 
of artificial ANET time series has been used in onder to estimate the significance 
ofthe results in Figs 3 and 4, 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Effects of acoustic waves on stick-slip in granular 
media and implications for earthquakes 


Paul A. Johnson’, Heather Savage”’, Matt Knuth”, Joan Gomberg? & Chris Marone” 


It remains unknown how the small strains induced by seismic 
waves can trigger earthquakes at large distances, in some cases 
thousands of kilometres from the triggering earthquake, with 
failure often occurring long after the waves have passed'~*. 
Earthquake nucleation is usually observed to take place at depths 
of 10-20km, and so static overburden should be large enough to 
inhibit triggering by seismic-wave stress perturbations. To under- 
stand the physics of dynamic triggering better, as well as the 
influence of dynamic stressing on earthquake recurrence, we have 
conducted laboratory studies of stick-slip in granular media with 
and without applied acoustic vibration. Glass beads were used to 
simulate granular fault zone material, sheared under constant 
normal stress, and subject to transient or continuous perturbation 
by acoustic waves. Here we show that small-magnitude failure 
events, corresponding to triggered aftershocks, occur when applied 
sound-wave amplitudes exceed several microstrain. These events 
are frequently delayed or occur as part of a cascade of small events. 
Vibrations also cause large slip events to be disrupted in time rela- 
tive to those without wave perturbation. The effects are observed 
for many large-event cycles after vibrations cease, indicating a 
strain memory in the granular material. Dynamic stressing of 
tectonic faults may play a similar role in determining the comple- 
xity of earthquake recurrence. 

Laboratory studies of granular friction have emerged as apowerful 
tool for investigating tectonic fault zone processes and earthquake 
phenomena, including post-seismic slip, interseismic frictional 
restrengthening and earthquake nucleation”*, Here we explore 
experimentally the effects of dynamic loading on stick-slip behaviour 
and discuss how our results may affect understanding of earthquake 
processes—in particular dynamic earthquake triggering and stick— 
slip recurrence, Dynamic earthquake triggering involves seismic 
waves from one earthquake promoting or inhibiting failure on the 
faults they disturb. Dynamic triggering has been clearly documented 
in a few cases far from an earthquake source, at distances much 
greater than the fault radius of the triggering source’ (outside 
the traditional ‘aftershock zone’), and increasing evidence suggests 
that it commonly occurs near the earthquake source™. 

Experiments on sheared layers of glass beads (like those shown in 
Fig, 1, and described in the Methods section) exhibit stick-slip that 
varies with shear displacement rate, confining stress, relative humi- 
dity, granular media thickness, and particle characteristics’; how- 
ever, for fixed experimental conditions stick-slip characteristics are 
remarkably constant (Fig, 2). Stick-slip events are characterized by 
sudden, periodic shear stress drops that range from 10-30% of the 
maximum frictional strength. Leading up to steady-state strength, 
which takes several tens of seconds and shear strains of ~0,4-0.5, we 
observe a material dilation and nonlinear shear-stress increase 


accompanied by intermittent failure. During steady-state frictional 
behaviour, major stick~slip events recur very regularly but include 
rare, small events (for example, at 1,375s in Fig. 2b). Each major 
stick-slip event is followed by elastic and then inelastic stress 
build-up and layer dilation. The dilation is manifested by increasing 
layer thickness (Fig. 2b). Layers dilateto a point of instability at which 
catastrophic dynamic failure and compaction occur (Fig. 2b). 

‘The top curve of Fig. 3a showsresults from an experiment identical 
to that of Fig, 2 except that we applied acoustic waves during shear- 
ing, commencing a few seconds before expected stick-slip failure, 
and continuing until the major failure event. The lower curve of 
Fig. 3a shows the rectified peak strain amplitude measured by the 
accelerometer attached to the sample (Fig. 1), along with three 


Constant 
displacement 
rate 


Glass beads 


Figure 1| Experimental apparatus. a, Apparatus, showing horizontal piston 
applying constant normal stress, and vertical piston applying a constant 
(vertical) displacement rate, which drives shear. The dashed circle shows the 
sample assembly. b, Sample assembly showing three-block arrangement of 
the double-direct shear configuration (front and side views). We note the 
location of the acoustic wave source and accelerometer in relation to the 
glass bead layers and normal stress (horizontal), 
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intervals for which dynamic waves were applied and signals from 
acoustic emission from both small and large stick-slip failures. 
Vibration perturbs the recurrence period of inelastic stress increase 
before the failure of major events and induces small-amplitude stick— 
slip events. In many cases one or more small stick-slip events occur 
during vibration, as well as cascades of delayed, small-amplitude 
stick-slip events (Fig. 3a, grey shading), In all cases, application of 
acoustic waves—even for brief intervals—has a lasting effect, such 
that successive major stick-slip events exhibit a strain memory of 
applied vibration manifest by delayed failure, disruption of recur- 
rence interval and extended aseismic creep, despite the violent mech- 
anical re-set that occurs during major stick—slip events (Fig. 3). We 
find that post-vibration, the regular recurrence does not recover. 
We also apply acoustic pulses, rather than the longer-duration 
waves described above, Pulses are more analogous to a single seismic 
wave in Earth, whereas vibration may be more analogous to the near- 
source region where quasi-continuous-wave energy may exist for 
significant periods of time in the form of aftershocks. Our data show 
that continuous and pulse modes of dynamic triggering yield similar 
behaviour. See Supplementary Fig. 1, where we show a typical 
sequence of stick-slip events in the presence of acoustic pulses. 
When we apply vibration or pulsed sound at stresses below ~95% 
of the failure strength there is little or no effect on stick-slip. This 
implies that the system must be in a critical state to be susceptible to 
dynamic triggering, which is consistent with seismic data on earth- 
quake triggering” and recent modelling". Qualitatively, wave strain 
amplitudes must exceed approximately 10~° for the above effects to 
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Figure 2 | Stick-slip behaviour under constant shearing rate, without 
vibration. a, Shear stress versus experiment time for a typical run, Note that 
maximum stick-slip stress drops are ~30% of the shear strength. Over the 
total duration of the experiment, there is a small but progressive compaction 
of about 1% of the glass bead layer thickness (not shown). b, Detail of the 
stick-slip cycles (top) and change in layer thickness (bottom). The layer 
thickness has had the overall trend removed, We note consistent failure 
strength, recurrence interval, and creep before stick-slip. p1108 refers to 
experiment number. 
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be observed (Supplementary Fig. 2), consistent with dynamic trig- 
gering observations for real earthquakes", When the system is driven 
with vibration amplitudes corresponding to strains <10~® there isno 
obvious effect on stick-slip; however, we emphasize that this should 
be further quantified in future experiments. 

Analysis of the primary stick-slip recurrence intervals for other- 
wise identical experiments with and without vibration shows that 
failure becomes progressively more erratic and, on average, lengthens 
with time in experiments with wave excitation (Fig. 4a). Repeated 
experiments with both vibration and pulse-mode verify that this 
effect is real. We find that the scatter relative to the mean increases 
with accumulated time in experiments with vibration. Also, although 
the primary stick—slip recurrence interval increases significantly due 
to acoustic waves, the stress-drop magnitude and variation increase 


only slightly (Fig. 4b). 
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Figure 3 | Stick-slip with and without vibration. a, Stick—slip behaviour 
under constant shearing rate, with vibration. Shear stress versus experiment 
time (upper curve);and measured, rectified strain amplitudes of the detected 
acoustic waves (lower curve). The letter ‘V’ denotes times and thick black 
horizontal bars indicate the durations of vibration. Vibration has a marked 
influence on the stick-slip behaviour. For instance, the applied vibration at 
~2,050s produces an immediate, small-magnitude stick-slip. The two 
successive major stick-slips that follow exhibit longer recurrence times as 
wellas multiple small stick-slip events in between—these are triggered 
events. Regions of triggered events are shaded light grey. Similarly, irregular 
cycles occur following the applied vibration at 2,155 s. Vibration applied at 
~2,255s produces an immediate small- magnitude stick-slip event and an 
increased major-event recurrence interval. b, Comparison of non-vibration 
versus vibration, emphasizing increased recurrence and irregular behaviour, 
including triggering, due to acoustic waves. p870 and p1108 refer to 
experiment numbers, 
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We have described three primary experimental observations: (1) 
acoustic waves disrupt recurrence intervals and, to a lesser degree, 
stress drops of large magnitude events; (2) acoustic waves trigger 
immediate and delayed small-magnitude events, some aseismic; 
and (3) strain memory of acoustic perturbation is maintained 
through successive large-magnitude stick-slips. We assess the impli- 
cations of these results for dynamic earthquake triggering by con- 
sidering that the primary slick-slip events represent tectonic 
earthquakes and that the vibration-induced events represent trig- 
gered earthquakes. 

The overall trend of increasing stress drop (and maximum fric- 
tional strength) with recurrence interval is consistent with a large 
body of previous laboratory and field observations* showing that 
maximum frictional strength increases linearly with the log of recur- 
rence interval between slip events. Vibration diminishes the rate at 
which stress drop increases with inter-event time, notably creating 
greater irregularity in stick-slip recurrence interval. The commonly 
used class of rate-state frictional models explicitly predicts that the 
rate of strengthening is proportional to the product of the normal 
stress and the frictional constitutive parameters®. Because we hold the 
normal stress constant, this implies that vibration alters frictional 
properties, despite the fact that perturbation amplitudes (~10* Pa) 
are less than 1% of the normal load. We suggest that the irregularity 
in recurrence that we observe in our experiments mimics that 
observed for tectonic faults in the Earth’s crust, and reflects a com- 
plex process of disrupting the internal fault zone structure. 

We find that vibration has measurable effects only when the system 
is in a critical state, approaching failure (for example, see Fig. 3a). 
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Figure 4 | Stick-slip recurrence time and stress drop comparing 

vibration and non-vibration experiments. a, Recurrence versus experiment 
time for runs with vibration (solid circles) and without. The shaded region 
and dashed lines show the mean recurrence interval of +1 standard 
deviation, Data trend removed. Compared to the non-vibration 
experiments, both the scatter and average recurrence interval increases 
progressively in experiments with vibration. b, Stress-drop variation versus 
recurrence for experiments conducted with and without vibration. We 
cannot compare stress-drop amplitudes directly owing to minor differences 
from oneexperimentto the next; however, when we compare the variation of 
stress drop to the experimental mean, we see a dear trend of longer 
recurrence interval for a given change in stress drop. 
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Application of acoustic waves also has a measurable effect only for 
experiments conducted at relatively small normal stresses, approxi- 
mately 4-5 MPa. We have explored higher horizontal loads (up to 
~18 MPa) for which we did not see a vibrational effect; perhaps the 
vibration amplitude was not sufficiently large to produce an effect. 
Nevertheless, the laboratory experiments do imply that dynamic 
earthquake triggering at seismic strain amplitudes is most efficient 
at low effective stress (normal load minus pore pressure) for faults in 
a critical state. Some field-based studies also point to a connection 
between earthquake triggering and low effective stress and/or faults 
near failure*"*”, although this is a point of some debate’*. 

One mystery regarding dynamic earthquake triggering is that it 
can take place minutes, hours or days after the seismic perturbation. 
Our experiments show delayed failures following acoustic perturba- 
tions, frequently manifesting as cascades of small events. We do not 
yet understand the physics responsible for this observation; however, 
‘we speculate that triggered events, as well as the recurrence and stress- 
drop disruptions are manifestations of frictional contact mechanics 
coupled with granular processes. Previous work shows that stick-slip 
initiates as failure of a contact junction between beads in highly 
stressed chains of particles", Granular memory effects are presum- 
ably the result of similar processes. 

We posit that acoustic waves disrupt granular force chains, leading 
to material softening and simultaneous weakening (granular flow), 
similar to what is described in a recently proposed phenomenological 
model”. The manifestation of the acoustic disruption may take place 
immediately or later in time (strain ‘memory’). The vibrati 
induced memory itself may be maintained as frictional instability 
at a number of grain contacts that persist through one or more 
stick-slip cycles, and is reminiscent of dynamically induced strain 
memory, known as ‘slow dynamics’, observed in nonlinear dyna- 
mical experiments on glass bead packs'’. The memory is also sug- 
gestive of statically induced rate-dependent effects observed in 
sheared granular materials, suchas ‘ageing”*°. We attempted to erase 
vibration-induced memory by ceasing shear loading to allow the 
material to heal, as well as by changing normal stress to repack the 
grains, but neither approach succeeded. 

Our previous work shows that permanent damage to the grains 
themselves is negligible and therefore cannot be the origin of 
the behaviours observed. Moreover, acoustical studies in three- 
dimensional glass bead packs under similar wave strain amplitudes, 
and under (smaller) static stresses of 0.02~0.1 MPa, show no evidence 
for grain rearrangement; however, the material exhibits very small, 
irreversible compaction as well as nonlinear-induced modulus soft- 
ening and slow dynamics". Hertz—Mindlin contact mechanics 
describe these observations”. The compaction we measure in our 
experiments without vibration is small and does not lead to insta- 
bility. The addition of vibration shows additional compaction but it 
is extremely small. Taken together, the observations suggest that 
minute compaction plays a part in what we observe, but there is no 
clear evidence suggesting that it is the cause. Our data do not rule out 
the possibility that instability is abetted, or initiated, by localized 
compaction (for example, within a shear band in the layer”), which 
would be invisible to our measurements. Local compaction within a 
granular material would reduce normal stress at contact junctions, 
which could lead to stick~slip instability. For the moment, the origin 
of what we observe when stick-slip is combined with vibration 
remains unknown. 

‘The origin of dynamic earthquake triggering by transient seismic 
waves is a complex problem. Our results show that granular-friction 
processes are consistent with two as-yet-unexplained observations in 
earthquake seismology: (1) small-amplitude waves can trigger both 
immediate failure and delayed failure relative to the strain transient, 
and (2) earthquake recurrence patterns are complex. Understanding 
the role of vibration-induced disruption of earthquake recurrence 
could have significant implications for seismic hazard assessment 
and reliable forecasting of earthquakes. 
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METHODS SUMMARY 


In ourexperimental study of acoustic waves interacting with a laboratory-scale 
fault system, we employ a double-direct shear configuration to shear 4-mm 
layers of glass beads at constant normal stress (1-18 MPa), using shearing rates 
of 1-100 ums! (Fig, 1), Class1V bead dimensions are 105-149 jum in diameter. 
Layersare subject to either continuous vibration or wave pulses of 10-20 cycles at 
1-20kHz, with strain amplitudes ranging from <5 X 10-7 to8 X 107, or alter- 
natively, to no wave excitation, An acoustic source and accelerometer are 
mounted directly on the central shearing block (Fig, 1b). We measure stresses, 
displacements and wave-induced strains continuously throughout shearing. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Sparse optical microstimulation in barrel cortex 
drives learned behaviour in freely moving mice 


Daniel Huber”, Leopoldo Petreanu’”, Nima Ghitani', Sachin Ranade”, Tomas Hromadka’, Zach Mainen? 


& Karel Svoboda’? 


Electrical microstimulation can establish causal links between the 
activity of groups of neurons and perceptual and cognitive 
functions'*. However, the number and identities of neurons 
microstimulated, as well as the number of action potentials 
evoked, are difficult to ascertain’*. To address these issues we 
introduced the light-gated algal channel channelrhodopsin-2 
(ChR2)? specifically into a small fraction of layer 2/3 neurons of 
the mouse primary somatosensory cortex. ChR2 photostimulation. 
in vivo reliably generated stimulus-locked action potentials'*” at 
frequencies up to 50 Hz. Here we show that naive mice readily 
learned to detect brief trains of action potentials (five light pulses, 
1 ms, 20Hz). After training, mice could detect a photostimulus 
firing a single action potential in approximately 300 neurons. 
Even fewer neurons (approximately 60) were required for longer 
stimuli (five action potentials, 250 ms). Our results show that per- 
ceptual decisions and learning can be driven by extremely brief 
epochs of cortical activity in a sparse subset of supragranular cor- 
tical pyramidal neurons. 

We used in utero electroporation" to introduce ChR2 fused to a 
green fluorescent protein (GFP) (ChR2-GFP") together with a red 
fluorescent cytosolic marker'® (REP) into neocortical pyramidal neu- 
rons (Fig. 1a, Methods). In the adult brain, ChR2-GFP expression 
was restricted to pyramidal cells in layers 2/3 (more than 99.4%), 
mainly in the barrel cortex (Figs 1a and 2a). In vivo two-photon 
imaging and retrospective immunohistology revealed that ChR2- 
GFP was localized to the neuronal plasma membrane. ChR2-GFP 
was expressed in about half (48.9 +5.3%, n= 10, five mice; see 
Methods) of red fluorescent layer 2/3 neurons (Supplementary 
Movie 1). ChR2-GFP invaded the soma, dendrites and axons 
(Fig. 1b, c). ChR2-GFP expression was stable for at least 8 months 
and did not seem to perturb neuronal morphology (Fig. 1a-c, 
Methods). 

We next characterized the responses of ChR2-GEP-expressing 
neurons to photostimulation in anaesthetized mice. To sample from 
the entire population of ChR2-GFP-expressing neurons, unbiased by 
ChR2-GEP expression level, we recorded from red fluorescent neu- 
rons using two-photon targeted loose-patch recordings'* (Fig. 1c, d). 
Photostimuli consisted of light pulses, produced by a blue miniature 
light-emitting diode (LED; 470 nm), centred on the recording win- 
dow (Fig. 1d). At maximum light intensities (Imax = 11.6 mW mm * 
at the surface of the brain, centred on the diode; 1-10 ms duration) 
about half (519%) of the patched red neurons (n = 39/77, eight mice) 
responded reliably to single photostimuli with at most one action 
potential. Increasing the photostimulus duration beyond 10 ms did 
not reveal additional responsive neurons. The other half of the 
patched neurons did not fire spikes time-locked to the photostimuli, 
and presumably corresponded to ChR2-GFP-negative neurons. 
These measurements indicate that most ChR2-GFP-positive 


neurons can be driven to spiking using our photostimulation system; 
furthermore, excitation of layer 2/3 neurons through indirect syn 
aptic pathways was weak. 
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Figure 1| ChR2-assisted photostimulation of layer 2/3 barrel cortex 
neurons in vivo. a, Coronal section through the electroporated mouse 
somatosensory cortex after immunohistochemical staining for ChR2-GEP. 
b, Individual layer 2/3 neuron, side view. c, Maximum value projection (top 
view) of an image stack in vivo (see Supplementary Movie 1) showing layer 
2/3 neurons expressing ChR2-GEP and cytosolic RFP. d, Schematic of the 
recording geometry. e, Action potentials recorded from one ChR2-GEP- 
positive neuron, Blue bars indicate photostimuli (Ims duration, 

11.6mW mm *, 20 Hz). f, Same ase, 50Hz. g, Probability of spiking as a 
function of light intensity (1 ms duration, five repetitions per condition, 15 
between stimuli) (Imax = 11.6 mWmm ~). Each line corresponds to a 
different neuron, each colour to a different animal. Neurons that could only 
be driven with photostimuli longer than 1 ms were pooled at the far right 
(above). h, Cumulative fraction of recorded neurons firing at various 
threshold intensity levels (computed from the data in g). 
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When stimulated with 1 ms light pulses, ChR2-GEP-expressing 
neurons were able to follow frequencies up to 20Hz (Fig. le) and 
in some cases up to 50 Hz (Fig. 1f). These frequencies are comparable 
to, or higher than, typical spike rates in the barrel cortex"”. Action 
potentials followed the photostimuli with short delays (range 
3-11 ms) and little jitter (Supplementary Fig. 1). 

We next determined the relation between photostimulus intensity 
and the probability of spiking of ChR2-GEP-expressing neurons. 
During cell-attached recordings we stimulated with 1 ms light pulses 
while varying the photostimulus. With decreasing light intensity, 
neurons switched abruptly from firing action potentials with high 
probability to firing no action potentials. The photostimulus inten- 
sity required to trigger action potentials varied substantially across 
the population of ChR2-GFP-expressing neurons (Fig. 1g). Control 
experiments in brain slices revealed that the brightness of ChR2-GFP 
measured in individual cells was inversely correlated with firing 
threshold (Supplementary Fig. 2); in contrast, the firing threshold 
was independent of the depth of the recorded neuron in vivo 
(Supplementary Fig. 3). The variability in firing threshold in terms 
of photostimulus intensity therefore primarily reflects heterogeneity 
in the expression level of ChR2-GFP in individual neurons. These 
results confirm that ChR2 can transduce photostimuli into precisely 
timed spike trains in vivo'*. Furthermore, the fraction of activated 
neurons can be tuned by modulating the excitation light intensity 
(Fig, th). 

Can awake mice learn to report photostimulation of layer 2/3 
pyramidal neurons in the barrel cortex? To address this question 
wwe delivered light pulses to ChR2~GFP-expressing neurons in freely 
moving animals (Fig. 2a). We first implanted a window above the 
barrel cortex'’, which provided optical access for photostimulation 
and screening the density of electroporated neurons. We next 
mounted the miniature LED centred on the imaging window 
(Fig. 2a; Methods). During the behavioural sessions the mice were 
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temporarily connected to an LED controller (Methods). Mice were 
trained in a detection task to associate photostimulation of ChR2— 
GEP-expressing neurons (five light pulses, 20Hz, 1ms duration) 
with water reward on one of two choice ports (Fig. 2b, left port). 
After four to seven training sessions (200-800 trials per session) all 
animals expressing ChR2-GEP (n=9) reliably reported photosti- 
mulation; in the presence (absence) of a photostimulus, mice chose 
the left (right) port (Fig, 3a, range 72-93% correct, defined as hits + 
correct rejections, divided by total number of trials; Supplementary 
Movie 2). Control mice without electroporated neurons (n= 6) per- 
formed at chance levels (50.1%, P> 0.70, test), even after 25 train- 
ing sessions (Fig. 3a and Supplementary Fig, 4). These experiments 
demonstrate that photostimulation of layer 2/3 neurons can drive 
robust behaviour. 

How many action potentials triggered by photostimulation are 
necessary for perception? To address this issue we further trained 
five mice to respond to one, two and five photostimuli at 20Hz 
(example in Fig. 2c). Although performance decreased with fewer 
pulses, all ChR2-GFP-expressing mice were able to detect single 
action potentials in the activated cells, even at modest photostimulus 
intensities (Fig. 3b, red lines). 

To determine the relation between performance and the number 
of neurons directly activated by light, we measured behaviour as a 
function of light intensity (Fig. 3b). As expected, behavioural per- 
formance decreased with decreasing photostimulus intensity, 
although the psychometric curves varied from animal to animal. 
For example, at the lowest intensities probed (10% of Ina.) some 
animals continued to discriminate, whereas others performed at 
chance levels. 

We counted the number of ChR2-GFP-positive somata and 
measured their positions (Fig. 3c; Methods), Between 594 and 1430 
ChR2-GEP-positive neurons were found in a 2mm diameter 
window (Fig. 3b, c; Methods). The number of ChR2-GFP-positive 


Figure 2 | Photostimulation in freely moving mice performing a detection 
task. a, Schematic of the photostimulation setup (see Methods). 

b, Schematic of the behavioural apparatus and reward contingencies. The 
mouse initiates a trial by stickingits snout into the central port. Photostimuli 
are applied during a stimulation period (300 ms) accompanied by a series of 
bright bluelight flashes delivered to the behavioural arena (30 Hz, 300 ms) to 
mask possible scattered light fromthe portable light source. The mouse then 
decides to enter either the left or the right port for a water reward. Ifa 
photostimulus was present, the choice of the left port was rewarded with a 
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drop of water (hit, green star) whereas the choice of the right port lead to a 
short timeout (4 s, miss, red star). If the stimulus was absent, only the choice 
of the right port was rewarded with reward (correct reject, green circle) 
whereas the left port lead to a timeout (455, false alarm, red circle). ¢, Data 
from one session (200 trials) with a single stimulus (1 ms) with decreasing 
light intensities, Each horizontal line delineates 20 trials at fixed light 
intensity. Blue dots indicate the presence or absence of a photostimulus. 
Stimulated and non-stimulated trials were presented pseudo-randomly with 
a probability of 0.5. 


NATURE|Vol 451/3 January 2008 


neurons under the photostimulation window correlated with the 
performance of individual animals. 

For each animal we then estimated the number ofactive neurons as 
a function of normalized intensity (J, = intensity/ I;pax) as: 


Ni(lo)= S> flloi(n)) 


Kveells 


(1) 


Here 1; is the horizontal position of the kth ChR2-GFP-positive 
celland fis the fraction of ChR2-positive cells activated at intensity [yi 
(Fig. 1h), i(r) is the spatial distribution of the normalized light intens- 
ity in the tissue (horizontal full-width at half maximum = 2.17 mm, 
250 um belowthe pia) (Supplementary Methods; Supplementary Fig, 
5). For trains of five action potentials, an average of 61 neurons 
(range 6-197) was sufficient to drive reliable performance (more 
than 65% of correct choices), whereas 297 (range 135-381) active 
neurons were required with single action potentials (Fig. 3d). The 
total number of action potentials required for a given level of per- 
formance was independent of the stimulus pattern (Supplementary 
Fig. 6). 

‘Two factors make us believe that our estimates of the number of 
active neurons should be interpreted as an upper bound. First, the 
measured spatial distribution of light in the tissue is likely broader 
than the actual distribution of light (see Supplementary Methods). 
Second, we did not consider possible deterioration of the optical 
path (thickening of the dura, bone growth, and so on) over the 
long timescales required for the behavioural experiments compared 
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with the more favourable conditions of the calibration measure- 
ments. Therefore the actual number of activated neurons in the 
behavioural experiments might have been lower than the numbers 
cited above. 

Not surprisingly, triggering more action potentials yields better 
detection accuracy (Fig. 3d). However, performance reached asymp- 
totic levels at remarkably low numbers of directly activated neurons; 
the range between minimal detection and saturating performance 
was only a few hundred neurons. 

Activated ChR2-GFP-positive neurons were distributed over most 
of the barrel cortex, with a smattering in adjacent sensory areas. The 
activated cortical region contains at least 40,000 layer 2/3 neurons 
(approximately 2,000 per barrel column, unpublished data) implying 
that synchronous action potentials in less than 1% of layer 2/3 neu- 
rons can be robustly perceived. These data imply that mechanisms 
exist to read out extremely sparse codes from primary sensory 
areas", Because of convergence in the L2/3—> L5 pathway, it is 
possible that even fewer activated L5 cells could be detected by behay- 
ing mice. We also note that the detection threshold could vary con- 
siderably based on the state of the animal®?, 

We have shown that ChR2-based optical microstimulation can be 
used to dissect the impact of precisely timed action potentials in a few 
genetically defined neurons on mammalian behaviour, Our data 
show that the favourable characteristics of ChR2 reported previously 
in vitro'™'?"5°*, in vivo'® and in invertebrate systems™**—includ- 
ing the ability to generate precisely timed action potentials—are 
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Figure 3 | Behavioural detection of photostimulation. a, Comparison of the 
performance ((hits + correct rejections)/total trials) in mice expressing 
ChR2-GEP (n= 9) and control mice (n = 6) after training with five 
photostimuli (P< 0.001, t-test), b, Performance as a function of light 
intensity (as percentage Of Ina¢= 11.6 mW mm_”) for five light pulses 
(1:ms, 20 Hz, blue Lines), two light pulses (1ms, 20 Hz, green lines) and a 
single light pulse (1 ms, red lines). Dotted lines: mean across five sessions 
(200-1000 trials per session). Error bars: binomial standard error. The 
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number of ChR2-GFP-positive neurons located under the window area is 
indicated for each mouse. ¢, Location of ChR2-expressing neurons in serial 
reconstruction of the sectioned brain (coronal sections). The blue cone 
illustrates the light source over the window. Arrows indicate rostral (r) and 
dorsal (d) orientation. d, Performance as a function of the number of 
activated neurons. Thick lines, mean performance across all five animals for 
‘one (red), two (green) and five (blue) light pulses. Dotted lines indicate 
mean values of individual animals from Fig. 3b. 
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maintained in awake conditions and can be used effectively to drive 
learning and behaviour. 

Photostimulation of genetically defined neurons” has key advan- 
tages compared with electrical microstimulation, Under typical 
experimental conditions, electrical microstimulation excites axons 
non-discriminately, probably including diverse local and long-range 
axons”*. Therefore, the cell type and cell location that drive behaviour 
in classical microstimulation experiments are poorly defined. 
Photostimulation of genetically defined neural populations naturally 
overcomes these problems. Our estimates of the number of directly 
activated cortical neurons necessary to drive perception is lower than 
previous estimates based on electrical microstimulation*”. Our 
stimuli might be functionally more potent because a pure population 
of excitatory neurons is activated, whereas electrical microstimula- 
tion drives a mixture of diverse excitatory and inhibitory neurons. 
The robust associative learning induced by ChR2-assisted photo- 
stimulation opens the door to study the circuit basis of perception 
and cognition in vivo. 


METHODS SUMMARY 

In utero electroporation. DNA solution (ChR2-GEP and either mCherry or 
DsRedexpress (‘RFP’); 4:1 molar ratio; final concentration 2 gull!) was 
injected into the right lateral ventricle of embryonic mice (EI6). Layer 2/3 
progenitor cells were transfected by in utero electroporation'*”*, 
Photostimulation and behaviour. An imaging window was implanted on the 
electroporated mice"? at postnatal day 40-50, A miniature blue high-power 
LED (470mm peak wavelength, NFSB036BT, Nichia, Japan) was mounted on 
the imaging window with black dental acrylic. The timing and intensity of the 
LED was computer-controlled with a custom-built, low-noise current-source 
circuit (see Methods). Mice were trained on a detection task to report photo- 
stimulation (see Methods). The training protocol consisted of several phases; 
transitions from one phase to the next were triggered by performance at 
65% correct or above. Mice had restricted access to drinking water to maintain 
80-85% of their pre-training weight. For calibrations using targeted cell- 
attached recordings"® mice were placed under a custom-made two-photon 
laser-scanning microscope controlled by Scanlmage software', For the 
photostimulation the objective was removed and a miniature blue high-power 
LED (as described above) was placed on the centre of the recording window 
(see Methods). 

Histology, After completion of behavioural experiments, the brain from each 
animal was cut into coronal ortangential sections (40-60 im thick) on @ cryostat 
(Leica, CM 30508), The localization of ChR2~GFP-pesitive cell bodies was mea- 
sured using Neurolucida software (MBE Bioscience). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Behavioural report of single neuron stimulation in 


somatosensory cortex 


Arthur R. Houweling’” & Michael Brecht!” 


Understanding how neural activity in sensory cortices relates to 
perception isa central theme of neuroscience. Action potentials of 
sensory cortical neurons can be strongly correlated to properties 
of sensory stimuli! and reflect the subjective judgements of an 
individual about stimuli’. Microstimulation experiments have 
established a direct link from sensory activity to behaviour™, sug- 
gesting that small neuronal populations can influence sensory 
decisions*, However, microstimulation does not allow identifica- 
tion and quantification of the stimulated cellular elements®. The 
sensory impact of individual cortical neurons therefore remains 
unknown. Here we show that stimulation of single neurons in 
somatosensory cortex affects behavioural responses in a detection 
task. We trained rats to respond to microstimulation of barrel 
cortex at low current intensities. We then initiated short trains 
of action potentials in single neurons by juxtacellular stimulation. 
Animals responded significantly more often in single-cell stimu- 
lation trials than in catch trials without stimulation. Stimulation 
effects varied greatly between cells, and on average in 5% of trials a 
response was induced. Whereas stimulation of putative excitatory 
neurons led to weak biases towards responding, stimulation of 
putative inhibitory neurons led to more variable and stronger 
sensory effects. Reaction times for single-cell stimulation were 
long and variable. Our results demonstrate that single neuron 
activity can cause a change in the animal’s detection behaviour, 
suggesting a much sparser cortical code for sensations than pre- 
viously anticipated. 

Based on its volume’ and density of neurons*, rat somatosensory 
cortex contains an estimated two million neurons. The detection of 
single-cell stimulation might therefore be a difficult task, and we 
adopted a behavioural paradigm designed for observing single-cell 
effects (Fig. 1a). We first trained animals to report short (200ms) 
trains of microstimulation pulses. Stimulation of somatosensory 
cortex evokes tactile sensations in humans’, and animal studies 
have demonstrated an interchangeability of tactile stimuli and 
cortical microstimulation'®. We mainly targeted deep cortical 
layers, where microstimulation detection thresholds are lowest in 
rat barrel cortex, Tongue lick responses were rewarded with a drop 
of water and counted as a hit if a lick occurred within 100-1200 ms 
from stimulus onset (Fig. 1b). Animals typically leamed this 
microstimulation report task in a single session and detection 
thresholds decreased to 2-5pA within days (Supplementary 
Fig. 1). These values are comparable to the lowest cortical micro- 
stimulation detection thresholds reported in humans’? and ani- 
mals'""?, To be able to detect potentially weak effects of single-cell 
stimulation, we encouraged guessing (a non-conservative response 
criterion) by introducing only mild negative reinforcement (a 1.55 
time-out) for false-positive responses (licks without preceding 
stimulation). 


Once animals responded consistently to low microstimulation 
currents, we approached a cortical neuron closely with a glass pipette 
and evoked short (200 ms) trains of action potentials by juxtacellular 
stimulation, a technique developed to label individual neurons'*. 
Juxtacellular stimulation currents (3-43 nA, mean 12.6 nA) strongly 
modulated action potential firing in barrel cortex neurons (Fig. 1c, d). 
On average, we evoked 14.2 * 6.5 (s.d.) action potentials during 
current injection, a 25-fold increase over the average spontaneous 
firing rate, The close apposition of neuron and pipette in the juxta- 
cellular configuration in behaving animals typically resulted in short 
experimental sessions per cell. Microstimulation in the vicinity of the 
neuron (at an average distance of about 75 um) was adjusted such 
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Figure 1| Behavioural setup and single-cell stimulation. a, Stimulation 
experiments were performed in the barrel cortex of awake rats. Animals 
responded to stimulation by interrupting a light beam (dashed line) with 
multiple tongue licks. The time of the first lick was taken as the reaction time 
and reward was delivered for correct responses (right). Top, single-cell 
stimulation pipette with stimulation current wave form (upper) and 
tungsten microelectrode with stimulation pulse train (lower). b, Three types 
of stimulus were presented at random intervals (Poisson process, mean 3 5): 
microstimulation (2-8 A) (40% probability), juxtacellular single-cell 
stimulation (40%) and no (or subthreshold) current injection ‘catch’ trials 
(20%). Licks within the interstimulus interval led to an additional 1.5 s delay 
to presentation of the next stimulus (left box) and were rewarded after a 
stimulus (right box) for all three trial types. ¢, Single-cell stimulation trial by 
juxtacellular current injection. Triangles indicate stimulation onset and 
offset artefacts. d, Evoked action potentials (open circles) in a series of 
stimulation trials. Spontaneous action potentials (solid circles) were 
quantified for I s before each stimulation, The left y axis label applies to both 
spontaneous and evoked action potentials; the right y axis label applies to 
evoked action potentials. 
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that current intensities were close to the animal’s detection threshold, 
resulting in an average hit (detection) rate of 75%. The action 
potential firing of most cells was affected during and after micro- 
stimulation (Supplementary Fig. 2). 

Microstimulation and single-cell stimulation trials were randomly 
interleaved with ‘catch’ trials (with no orsubthreshold current injec- 
tion) (Fig. 1b). In paradigms with random stimulus presentation 
times, catch trials can be used to estimate chance performance and 
to guard against inadvertent cues'*. To assess single-cell effects when 
the animal was attentive, we confined our analysis to those single-cell 
stimulation and catch trials flanked by correct microstimulation 
responses. 

Figure 2 shows an experiment on a regular spiking layer 5b pyr- 
amidal neuron with a slender apical dendrite (Fig, 2a). Juxtacellular 
stimulation evoked on average 9.1 action potentials during the 
current injection (Fig, 2b top). Lick responses (red squares) occurred 
mainly after single-cell stimulation (Fig. 2b top) and micro- 
stimulation (Fig. 2b bottom), but only once after no stimulation 
catch trials (Fig, 2b middle). Quantification of responses (Fig. 2c) 
suggests that the animal reported single pyramidal cell activity. Even 
though this neuron was one of the cells with the strongest behavioural 
effects, this effect was not significant on the single neuron level 
(P = 0.099, Fisher’s exact test). This is not unexpected given the 
limited number of trials (see Methods). 

A population analysis revealed, however, that single-cell stimu- 
lation biased animals towards responding, Figure 3a shows, for 
51 neurons, that animals responded significantly more often in 
single-cell stimulation trials (mean hit rate 22.0%) than in no- 
current-injection catch trials (mean false-positive rate 17.9%; 
P=0,022), To test if single-cell detection was dependent on the firing 
of the stimulated neuron rather than on inadvertent cues associated 
with the current injection, we stimulated a further set of 19 neurons. 
We applied single-cell stimulation as usual, but instead of the no- 
current catch trials we presented subthreshold (10% of the single-cell 
stimulation current) catch trials, Subthreshold current injections 
activated neurons only weakly or not at all. Animals also responded 
significantly more often in single-cell stimulation trials than in 
subthreshold catch trials (Fig. 3b; mean hit rate 27.4%; mean false- 
positive rate 20.6%; P= 0.019). Stimulation effects were distributed 
evenly across animals (Supplementary Fig. 3). Having verified that 
single-cell stimulation led to significant biases in two independent 
sets of neurons (Fig, 3a, b), we wanted to confirm that this effect did 
not result from the inadvertent stimulation of neighbouring neurons 
or other nonspecific effects. Thus, we injected current (25 nA, twice 
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the average current applied with juxtacellular stimulation) through 
the pipette into extracellular space (instead of applying it to a neu- 
ron). These control experiments showed that animals did not report 
current injection into extracellular space (Fig. 3c; m = 90; mean hit 
rate 18.7%; mean false-positive rate 19.0%; P= 0.598). To test if 
single-cell stimulation effects (Fig. 3a, b) were different from those 
of extracellular current injection (Fig. 3c), we compared effect size 
(hit rate — catch trial response rate) across those two data sets and 
observed a significant difference (P= 0.008). Finally, we tested if 
single-cell stimulation effects were specific to the attended (and 
trained) cortical area. As before, microstimulation was applied to 
barrel cortex, but we now stimulated single neurons in visual cortex. 
Animals did not report single-cell stimulation in visual cortex 
(Eig. 3d; n= 21; mean hit rate 21.2%; mean false-positive rate 
20.19%; P= 0.319), suggesting that stimulation effects are specific 
to the attended cortical area. 

Further observations show that the animals’ responses were 
caused by the stimulation of single and not multiple neurons. 
(1) Juxtacellular stimulation currents were approximately three 
orders ofmagnitude lower (3-43 nA) than those required for evoking 
motor or sensory responses with microstimulation (2-200 jtA). 
(2) Although we occasionally observed the inadvertent stimulation 
ofasecond neuron by the appearance of a second large action poten- 
tial waveform in our recordings, such inadvertent stimulation was 
rare (accounting for only about 1% ofevoked action potentials across 
experiments; Supplementary Fig. 4). All results presented here were 
also significant when single-cell stimulation trials with secondary 
action potentials were excluded, (3) Firing rates of more distant cells 
(with action potentials less than 0.5mV) were not modulated 
(Supplementary Fig. 5). (4) Juxtacellular labelling typically fills 
single neurons", 

Because microstimulation in barrel cortex can evoke whisker 
movements, we combined stimulation experiments with whisker 
tracking to assess if rats sense single-cell stimulation indirectly by 
detecting movements. Our data argue against such an indirect mech- 
anism: near detection threshold microstimulation did not evoke 
movements even though it was reported (Supplementary Fig. 6a) 
and single-cell stimulation did not evoke whisker movements 
(Supplementary Fig. 6b). 

The bias towards responding evoked by single-cell stimulation was 
weak on average (approximate 5% effect size: single-cell stimulation 
hit rate—catch trial response rate). As illustrated in Supplementary 
Fig, 7, the strength of the effect depended greatly on the animal's 
overall response rate. When animals were conservative (low response 
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rate) the effect was small (and not significant); at high response rates, 
however, the effect size was about 9% (and significant). Most inter- 
estingly, the variance of stimulation-evoked sensory effects was 
greater for putative interneurons than putative excitatory cells 
(P= 0.0023, see Methods), which we distinguished based on spike 
width and firing pattem (Supplementary Fig. 8), Whereas stimu- 
lation of putative excitatory neurons led to weak but significant 
biases towards responding, stimulation of putative inhibitory neu- 
rons led to stronger and more variable sensory effects (Fig. 3e). In 
particular, in 3 outof 11 putative interneurons the effect was stronger 
than in any of the 59 putative excitatory cells or 90 control experi- 
ments. In two of these three putative interneurons most hits were 
observed for trials in which the evoked firing rates were not higher 
than the population average, suggesting that interneuron action 
potentials arein some cases more readily detected than action poten- 
tials of excitatory cells. 
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Figure 3 | Initiation of action potentials in single barrel cortex neurons 
causes biases towards responding. a, Response rates for single-cell 
stimulation trials (hits) versus no-current-injection catch trials (false 
positives) (n= 51 neurons; note several points coincide). Fast spiking, 
putative interneurons (filled cirdes); non-fast spiking, putative excitatory 
neurons (empty circles). b, Response rates for single-cell stimulation trials 
(hits) versus subthreshold current injection catch trials (n= 19 neurons). 
Conventions asin a. ¢, Response rates for trials in which we applied 25nA 
(twice the average juxtacellular stimulation current) into extracellular space 
(hits) versus no-current-injection catch trials (false positives) (1 = 90 
stimulation sites). d, Response rates for single-cell stimulation trials (hits) 
‘versus no-current-injection catch trials (false positives) for visual cortex 
neurons (n = 21), while microstimulation was applied in barrel cortex. 
Animals had been trained to report microstimulation in barrel cortex. 

¢, Distribution of sensory effects (single-cell stimulation hit rate — catch trial 
response rate) across putative interneurons and putative excitatory neurons 
in barrel cortex single-cell stimulation experiments (conventions as in a). 
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Reaction times for single-cell stimulation were long and variable 
(Figs 2 and 4a, b) compared with microstimulation responses 
(Fig. 4c). Although effect size could be considerable in individual 
cells (Eig. 2), we did not observe single-cell responses with close to 
100% hit rates and short reaction times as observed often in micro- 
stimulation trials. Thus, single cells never led to a strong, perceptually 
saturating signal. Microstimulation at 2-8 A presumably activates 
multiple neurons, which may account for the difference between 
single-cell stimulation and microstimulation. Even smaller currents 
(less than 2 1A) are known to activate cortical neurons'®, It remains 
to be seen if such currents lead to a microstimulation performance 
comparable to that of single-cell stimulation. 

The combination of single-cell stimulation and control experi- 
ments shows that the activity of single sensory cortical neurons can 
lead to a behaviourally reportable effect. It has been estimated that a 
single barrel cortical column contains approximately 8,500 excitatory 
cells that generate about 1,550 spontaneous action potentials in a 
200ms period and about 4,000 action potentials in response to a 
small (3.3°) whisker deflection”’ that is close (about 60% hit rate) 
to the animal’s detection threshold’, Given these numbers it is sur- 
prising that adding approximately 14. action potentials over 200 ms in 
a neuron is detectable. Other measurements suggest lower rates of 
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Figure 4 | Reaction times for single-cell stimulation are long and variable 
compared with microstimulation responses. a, Cumulative distribution of 
reaction times for microstimulation (dashed), single-cell stimulation (solid) 
and catch trials (dotted). b, Difference of the cumulative distributions of 
reaction times for single-cell stimulation and catch trials. This isolates the 
contribution of single-cell stimulation from false-positive responses, The 
verticalline marks the time where 50% of the peak difference is reached; the 
grey area marks the time from 25% to 75% of the peak difference, 

¢, Difference of the cumulative distributions of reaction times for 
microstimulation and catch trials, Conventions as in b. 
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ongoing” and sensory-evoked™* cortical action potential acti- 


vity. The detectability of single-cell stimulation might therefore be 
telated to the sparseness of cortical activity. A single cortical pyt- 
amidal cell connects to several thousand postsynaptic neurons", 
but most of these connections are weak”. Likewise, a single inhibi- 
tory neuron connects to thousands of local neurons. Depending on 
ongoing membrane potential fluctuations, variable sets of post- 
synaptic cells may become activated or suppressed, which might 
contribute to the variable reaction times. Some models of sensory 
decision making contain a temporal integration step during which 
sensory evidence is accumulated”. It is conceivable that the weak 
single-cell signals require longer temporal integration, thereby con- 
tributing to the long reaction times. The mechanisms that hold the 
sensory information between single-cell stimulation and reaction 
remain to be determined. 

Our finding that stimulation of putative interneurons (which pro- 
ject locally) can lead to strong sensory effects suggests that (1) local 
circuits are involved in the read-out of single-cell activity and that 
(2) read-out mechanisms are sensitive to suppression ofaction poten- 
tials. Cortical microstimulation evokes pronounced and long-lasting 
inhibition (Fig. 2 and Supplementary Fig.2). Thus, ouranimals might 
have been trained to detect the suppression of activity. The present 
results, with the classic single afferent stimulation experiments by 
Vallbo and colleagues” and single-cell stimulation experiments in 
rat motor cortex*®, demonstrate the behavioural relevance of single 
neuron activity. These studies establish a reverse physiology approach 
in which one analyses responses to cellular activity rather than cellular 
responses as in classical physiology. In further studies it should be 
possible to establish how the frequency and number of action poten- 
tials are related to the evoked sensations. 


METHODS SUMMARY 

Animals were trained to report microstimulation (40 cathodal pulses at 200 Hz, 
0,3 ms pulse duration) applied to the barrel cortex through a tungsten mi 
electrode at a depth of 1,500 im. In the first training session, current inten: 
no greater than 200A were applied; subsequently current intensity was 
decreased according to detection performance. During training animals were 
put ona water restriction schedule with daily access to water ad libitum for one 
hour after the experiment. Once the animal performed at detection thresholds 
no greater than 51A in at least one block of trials on two consecutive days, we 
switched to the single-cell stimulation report task; here microstimulation cur- 
rents were on average 5.0 + 1,6 A. To stimulate single neurons close to the 
microstimulation site, we glued a tungsten microelectrode close to the tip of a 
glass pipette (average tip separation approximately 75 im). The construct was 
inserted through the intact dura to ameandepth of 1,400 + 271 um, whereby the 
actual depth from the cortical surface was less because of dimpling and oblique 
penetrations. From the histologically identified neurons it appears that most 
single-cell stimulation experiments were performed in cortical layers 4, 5A and 
5B. Cells were classified as fast spiking neurons (putative interneurons) if the 
action potential width was no greater than 0.4 ms (peak to trough) and/or if they 
responded with at least 50 action potentials (that is, at least 250 Hz) during at 
least one 200 ms currentinjection (see Supplementary Fig. 8). The remainder of 
cells were classified as non-fast spiking (putative excitatory) cells. 
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TRPC channel activation by extracellular thioredoxin 


Shang-Zhong Xu!*}, Piruthivi Sukumar'*, Fanning Zeng’, Jing Li!, Amit Jairaman!, Anne English’, 
Jacqueline Naylor’, Coziana Ciurtin', Yasser Majeed’, Carol J. Milligan', Yahya M. Bahnasi’, Eman Al-Shawaf!, 
Karen E. Porter’, Lin-Hua Jiang', Paul Emery’, Asipu Sivaprasadarao’ & David J. Beech’ 


Mammalian homologues of Drosophila melanogaster transient 
receptor potential (TRP) are a large family of multimeric cation 
channels that act, or putatively act, as sensors of one or more 
chemical factor'’, Major research objectives are the identification 
of endogenous activators and the determination of cellular and 
tissue functions of these channels. Here we show the activation of 
TRPC5 (canonical TRP 5) homomultimeric and TRPC5-TRPC1 
heteromultimeric channels** by extracellular reduced thiore- 
doxin, which acts by breaking a disulphide bridge in the predicted 
extracellular loop adjacent to the ion-selectivity filter of TRPC5. 
Thioredoxin is an endogenous redox protein with established 
intracellular functions, but it is also secreted and its extracellular 
targets are largely unknown*®, Particularly high extracellular con- 
centrations of thioredoxin are apparent in rheumatoid arth- 
ritis*'°”, an inflammatory joint disease that disables millions of 
people worldwide", We show that TRPC5 and TRPCI are 
expressed in secretory fibroblast-like synoviocytes from patients 
with rheumatoid arthritis, that endogenous TRPC5-TRPC1 chan- 
nels of the cells are activated by reduced thioredoxin, and that 
blockade of the channels enhances secretory activity and prevents 
the suppression of secretion by thioredoxin. The data indicate the 
presence of a previously unrecognized ion-channel activation 
mechanism that couples extracellular thioredoxin to cell function. 

TRPCS is markedly activated by extracellular lanthanide ions*'*"*. 
Theeffects of these ions depend ona glutamic acid residue at position 
543 (ref, 14) in the predicted extracellular loop adjacent to the ion 
pore (Supplementary Figs 1 and 2). This structural feature may there- 
fore have functional importance in enabling extracellular factors to 
activate the channels, Because lanthanides are unlikely to be physio- 
logical activators, we were interested in alternatives and developed a 
hypothesis based on amino acid sequence alignment, which showed 
two cysteine residues near glutamic acid 543 that are conserved in 
TRPCS, TRPC4 and TRPCI (Supplementary Fig. 2), a subset of the 
seven TRPC channels'*. TRPC5 and TRPC4 have similar functional 
properties‘ and both form heteromultimers with TRPCI (refs 3-5), a 
subunit that has weak targeting to the plasma membrane when 
expressed in isolation™, 

Pairs of cysteine residues may be covalently linked by a disulphide 
bridge that can be cleaved by reduction. We therefore applied the 
chemical reducing agent dithiothreitol (DTT) to HEK-293 cells 
expressing TRPCS (refs 15, 16). There was channel activation with 
the characteristic current-voltage (J-V) relationship of TRPCS and 
blocking by 2-aminoethoxydiphenyl borate (2-APB), an inhibitor of 
TRPCS (ref. 5) (Fig. 1a, b, d). Current recovered on wash-out of DTT 
(data not shown). Similarly, the membrane-impermeable disulphide 
reducing agent Tris (2-carboxyethyl) phosphine hydrochloride 
(TCEP; Fig. 1c, d) activated TRPC5, whereas the thiol reagent 


[2-(trimethylammonium) ethyl]methanethiosulphonate bromide 
(MTSET) had no effect (Fig, 1d), TRPC5 was inhibited by cadmium 
ions only after pretreatment with DTT (Fig. le, f), which is consistent 
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Figure 1 | Functional disulphide bridge in TRPC5. Whole-cell recordings 
from HEK-293 cells. a, In a cell expressing TRPCS, response to bath-applied 
10mM DTT and 75 uM 2-APB. b, [-V relationship from a. ¢, As for b but 
with 1mM TCEP. d, Currents at —80 mV evoked by 10 mM DTT (n = 8), 
1mM TCEP (n = 5) or 5 mM MTSET (n= 6) in cells expressing TRPCS. 
DIT had no sre without TRPCS (1 =5). e, Inhibition of current at 

—80 mY by 0.1 mM Cd?* in TRPCS5-expressing cells with and without DTT 
treatment. f, As for e but typical J-V relationships. g, Currents at —80mV 
afier transfection with green fluorescent protein (GEP) alone (no TRPCS, 
n= 8) or GEP plus wild-type TRPCS (= 7) or the TRPC5 mutants C5534 
(= 11), C558 (n= 6), C553A + C558A (double, n = 3) or C5535 (= 6). 
Gd** (100 1M) activated wild-type TRPCS but had no effect on mutants. All 
currents were blocked by 2-APB (see, for example, Supplementary Fig. 5). 
Where error bars are shown, results are expressed as means and s.e.m. 
Asterisk, P-<0.05;n.s., no significant difference. 
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with the metal ions acting by re-engaging cysteine residues". Other 
TRP channels lacking the cysteine pair in a similar position were 
unresponsive to DIT (Supplementary Figs 2 and 3). The data sup- 
port the hypothesis that the cysteine pair in TRPCS normally engages 
in a disulphide bridge that constrains the channel in a state of limited 
opening probability, enabling enhanced channel activity when the 
bridge is broken. 

To test the hypothesis further, we expressed TRPC5 mutants con- 
taining alanine in place of cysteine. Such mutants were constitutively 
active and were not stimulated by reducing agent or lanthanide 
(Fig. 1g and Supplementary Figs 4 and 5). Ionic currents for the 
single mutants (C553A, C5538 or C558A) and double mutant 
(C553A +C558A) were not significantly different, suggesting that 
the two cysteine residues have a joint role (Fig, 1g). Expression of 
wild-type TRPCI together with the TRPC5 double mutant led to 
smaller constitutive currents that were not affected by DTT or lan- 
thanide, which is consistent with TRPC1 suppressing the current 
amplitude but not conferring a functional effect of reducing agents 
(Supplementary Fig. 6). Dimers of TRPCS5 were not detected under 
non-reducing conditions, suggesting an intra-subunit rather than 
inter-subunit disulphide bridge (Supplementary Fig. 7). 
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Figure 2 | lonic current induced by rTRX. a-c, Whole-cell current data from 
HEK-293 cells expressing TRPCS alone (a, b), TRPCI alone or TRPCS plus 
TRPCI (c).a, Effect of 4 pg ml? rTRX. b, Current at —80mV in response to. 
elution buffer diluted 1:100 (m= 4) or rTRX with (n = 8) and without 
(n= 3) TRPCS expression. ¢, Responses to rTRX or 10 mM DTT (n= 5 for 
each). d, Effect of TRX ona human FLS cell. e-g, Data for rabbit FLS cells. 
e, rT RX induced I-V relationships in standard bath (Na*) or N-methyl-p- 
glucamine (NMDG*) solution (see Supplementary Fig. 9). f, Currents 
evoked at —80 mV. g, Data for human rTRX with a fitted Hill equation 
(concentration giving half-maximal response 0.20 ug ml’, slope 2.64). 
Open symbols are control data and shaded areas are the concentrations of 
‘TRX in patients without arthritis (1) or with osteoarthritis (1) or 
theumatoid arthritis (2). In f and g, n = 5 per data point. Where error bars 
are shown, results are expressed as means and s.em, Asterisk, P<0.05. 
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Thioredoxin is an important redox protein with established bio- 
logical roles including those in cancer, ischaemic reperfusion injury, 
inflammation and ageing’. It is both an intracellular and secreted 
protein®”. It is reduced by the NADPH-dependent flavoprotein 
thioredoxin reductase and in this form has the capability of breaking 
disulphide bridges*. Extracellular reduced thioredoxin (rTRX) acts 
similarlyto DTT, causing TRPCS activation (Fig. 2a, b). Wetherefore 
proposed thatrTRX is a previously unrecognized endogenous extra- 
cellular regulator of TRPCS. In taking this idea forward we also 
considered TRPC1 because many cells endogenously expressed 
TRPCS and TRPCL together, leading to TRPC5-TRPC1 heteromul- 
timers**"*'*, The TRPC5-TRPC1 channel is also activated by rTRX 
or DTT (Fig. 2c). Consistent with previous reports*'* was our obser- 
vation that the TRPC5 and TRPC5-TRPC1 channels had distinct 
‘fingerprint’ LV relationships (for example Fig. 3b and Supple- 
mentary Fig. 14). 

Thioredoxin concentrations up to a mean of 0.41 pgml”! (maxi- 
mum 1.2p1gml~!) have been detected in serum and synovial fluid 
from patients with rheumatoid arthritis", Furthermore, reducing 
capability of thioredoxin exists in serum; thioredoxin reductase 
occurs in human joints and its activity is correlated with disease 
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Figure 3 | Endogenous TRPC expression and function. a, Tissue sections 
from joints of patients with rheumatoid arthritis stained with T1E3 or TSE3 
(green) or anti-CD55 (red) antibodies. Controls were omission of anti-CD55 
antibody, and T1E3 or T5E3 preadsorbed on its antigenic peptide. 

b, Normalized rTRX-evoked I-V relationships for rabbit FLS cells (n = 3) 
and HEK-293 cells expressing TRPC5 and TRPC1 (n= 5). ¢, Changes in 
currents at —80 mV in response to 10 tM La®* before or after treatment with 
Ajgml' eTRX (FLS cells, # = 6 HEK cells, n= 4). d, Current at —80 mV in 
ELS cells transfected with dominant-negative (DN) TRPCS plus yellow 
fluorescent protein (YEP) or YEP alone (r1= 5 for each). e, As in d but 
showing the effects of anti-TRPC antibodies (n = 5 foreach), Pep, antigenic 
peptide. Where error barsare shown, results are expressed as means and 
s.e.m. Asterisk, P< 0.05, 
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severity’? (see also Supplementary Results and Supplementary 
Discussion). We therefore considered whether the activation of 
TRPCS by rTRX is relevant to the cells that secrete synovial fluid, 
the CD55-positive fibroblast-like synoviocytes (FLS cells). CD55- 
positive ELS cells (Supplementary Fig. 8) showed a non-selective 
cationic current in response to DIT or rTRX (Fig. 2d-g and 
Supplementary Figs 9 and 10). The mean current evoked by 1TRX 
at —80 mV in FLS cells from the knee joint of patients with rheum- 
atoid arthritis was —0.85+042 nA (mean+s.em. n=14). 
Oxidized TRX (oTRX) had no effect (Fig. 2f), The effective concen- 
trations of rT RX indicate a possible relevance to rheumatoid arthritis 
(Eig. 2g). Nitric oxide is an alternative endogenous regulator of 
cysteine residues*'; however, it failed to evoke current in FLS cells, 
even at a concentration 100-fold that required to evoke vasorelaxa- 
tion (Supplementary Fig. 10, Supplementary Results and Supple- 
mentary Discussion). 

There have been no previous reports on the expression of TRPC 
channels in synovial joints, so we explored synovial tissue biopsies 
from patients with rheumatoid arthritis. TRPC5 and TRPC1 proteins 
were detected and localized together with CD55 (Fig. 3a). Similarly, 
the ELS cells used in our clectrophysiological experiments expressed 
messenger RNAs encoding TRPC5 and TRPCL, western blotting 
indicated the presence of TRPC5 and TRPC! proteins, and immuno- 
labelling revealed TRPCS and TRPCI at the cell surface (Supple- 
mentary Figs 8, 11 and 13). 

The I-V relationship of the rTRX-evoked current in FLS cells was 
similar to that of the TRPC5-TRPCI heteromultimeric channel 
(Fig. 3b). Furthermore, experiments with lanthanum ions showed 
unusual and striking similarity between the endogenous current and 
the current of overexpressed TRPC5-TRPCI: in the absence of a 
reducing agent, lanthanum ions stimulated current in both HEK- 
293 cells (exogenously expressing TRPC5-TRPCI) and ELS cells, 
whereas after the induction of current by rT RX, lanthanum ions were 
inhibitory in both cases (Fig. 3c and Supplementary Fig. 9). Also 
consistent with the involvement of TRPC channels were the observa- 
tions that the rTRX-evoked current of FLS cells was blocked by 
2-APB and that the inward current was suppressed when most of 
the extracellular Na* was replaced by the bulky and impermeant 
cation N-methyl-p-glucamine (Fig. 2e and Supplementary Fig. 9). 
As a further test of the involvement of TRPCS5 and TRPC1, FLS cells 
were transfected with a dominant-negative ion-pore mutant of 
TRPCS that inhibited native channels capable of interacting with 
TRPCS (refs 16, 22). The mutant suppressed current evoked by 
rTRX (Eig. 34). 

Further evidence that TRPC5 and TRPCI contribute to the endo- 
genous rTRX-responsive channel of ELS cells came from studies with 
anti-TRPCS (TSE3) and anti-TRPC1 (T1E3) antibodies, which tar- 
get the predicted extracellular loop region and specifically block the 
functions of TRPCS and TRPC1, respectively***. TSE3 and T1E3 
antibodies labelled unpermeabilized FLS cells, unlike antibody tar- 
geted to the intracellular carboxy terminus of TRPCS, which labelled 
only permeabilized cells (Supplementary Figs 8 and 11), indicating 
that TRPCS5 and TRPC] are transmembrane proteins with extracel- 
lular epitopes. Like dominant-negative mutant TRPC5, T5E3 or 
TI1E3 suppressed rTRX-evoked current (Fig. 3e). Antibody targeted 
to CD55, which is a membrane protein unrelated to TRP, had no 
significant effect (n = 7; data not shown). Gene expression, electro- 
physiology, pharmacology, recombinant DNA and antibody studies 
therefore yielded data consistent with the carrying of rTRX-evoked 
current in FLS cells by a channel containing TRPCS and TRPCI. 

One of the functions of FLS cells is to secrete matrix metallopro- 
teinases (MMPs), which are associated with tissue remodelling and 
the progression of arthritis**. The use of zymography to detect gela- 
tinase activities of MMP-2 and MMP-9 secreted from rabbit FLS cells 
(Supplementary Fig. 12) revealed that T5E3 and T1E3 antibodies 
have large stimulatory effects (Fig. 4a, b). Human FLS cells 
showed greater MMP-2 secretion than that of MMP-9 (compare 
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Supplementary Fig. 12 with Fig. 4a). Enzyme-linked immuno- 
sorbent assays (ELISAs) for human MMP-2 enabled the quantifica- 
tion of the absolute concentration of total MMP-2 secreted; again, 
either TSE3 or T1E3 antibody had a profound stimulatory effect 
(Eig. 4c). Similarly, knockdown of expression of the genes encoding 
TRPCI and TRPC5 by RNA-mediated interference enhanced the 
secretion of MMP-2 (Supplementary Fig. 13). Inhibition of MMP 
secretion by the addition of exogenous reducing TRX was lost in the 
presence of T5E3 (Fig. 4d), Similar data were obtained for pro-MMP- 
1 secretion from human FLS cells (Fig. 4¢, f) and MMP-9 measured 
by zymography in rabbit FLS cells (n=6; data not shown). The 
data therefore reveal constitutive and rTRX-evoked activity of 
TRPC5 and TRPCI channels that inhibits thesecretion of MMP from 
FLS cells. 

The data of this study indicate that secreted TRX is a type of ion 
channel agonist that acts through its reduced form to break a 
restraining intra-subunit disulphide bridge between cysteine residues 
in TRPCS, thereby stimulating the channel either as a homomeric 
assembly oras a heteromultimer with TRPC1. A transduction mech- 
anism is therefore revealed that can directly couple cell activity to 
extracellular reduced thioredoxin. This mechanism may have par- 
ticular relevance in conditions such as rheumatoid arthritis, in which 
TRX concentrations are strongly elevated, but the broad distribu- 
tions of TRX and the channels indicate that the mechanism could 
be widely used. 


a b (87 * * 
3 
5 
By) 
a2 
|-MMP-2 E 
No +Pep,_4Pep. 2 
‘AD AntiTRPCS AnticTRPC1 ow ++Pep, +Pep. 
TES! ED AD ANIETRPCS “AnIETRPCT 
c a_ ses) THES) 
6 ; é g 
8 5 
c 210 
a4 3 
= 4s 
a Eos 
rl . 
= E 
= e 
° y 
No #Pep Pep. O° Conivol No SES. TSES 
AD “AnicTRPCS “AnictRpct |S AD 4900. 
a) Exogenous TK 
e . ft Cocktail 
£ 
T 800 if 5 ns. 
E g ; 
2 
500 £10 
= : g z 
gm 3 
5 200 Eos 
~ £ 
ote en Tr Zo 
Ab apTRPOs Anerapct 2 | COMA NE SES. Tees 
Tse) THES) aa 
cocktail 


Figure 4 | Relevance to secretion from FLS cells. a, Zymogram showing 
MMP-9 (pro and active) and MMP-2 from rabbit. Ab, antibody. b, As for 
a but mean data after normalization of rabbit MMP-9 band intensity to the 
control group without antibody (n= 3 for each). ¢, ELISA data for human 
MMP-2 (n = 4). d, Effect of T5E3 (n = 4) on inhibition of human MMP-2 
secretion by exogenous TRX cocktail. For each group, secretion in TRX was 
normalized to that in its absence (control). ¢, f, As for ¢, d, but for secretion 
of human pro-MMP-1, Results are expressed as means and s.e,m. Asterisk, 
P<0.05; n.s., no significant difference. 
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METHODS SUMMARY 

Cells. Synovial tissue biopsies were obtained with informed consent from 
patients diagnosed with rheumatoid arthritis at the Academic Unit of 
Musculoskeletal Disease, Chapel Allerton Hospital, Leeds. Ethical approval 
was given by the local ethics committee. Human synovial tissue biopsies were 
washed with PBS and digestedin 0.25% type 1A collagenasefor 4 hat 37°C, after 
which FLS cells were cultured in DMEM/F-12+ Glutamax (Gibco). HEK-293 
cells were grown in DMEM-F12 (Gibco) and rabbit FLS cells (HIG82; ATCC) 
vwere grown in Ham’s F12 (Gibco), Culture media contained 10% fetal calf 
serum, 1001Uml ' penicillin and 100 pgm streptomycin. Cells were main- 
tained at 37°C ina humidified atmosphere of 5% CO in air and replated on 
coverslips or 24-well plates before experiments, 

Electrophysiology. Whole-cell patch-clamp recordings were performed!®"* at 
21 + 2°C using patch pipette solution containing (in mM): 115 CsCl, 10 EGTA, 
2MgClp, 5 NazAT?, 0.1 NaGTP, 10 HEPES, 5.7 CaClsthe pH was adjusted to 7.2 
with CsOH, The standard bath solution contained (in mM): 130 NaCl, 5 KG, 8 
D-glucose, 10 HEPES, 1.2 MgCh and 1.5 CaCls the pH was adjusted to 7.4 with 
NaOH. 

Data analysis, onic currents are shown aspositive values when they increased in 
response to a treatment, and as negative values when they decreased, Data are 
expressed as means and s.e.m., where nis the number of individual experiments. 
Data sets were compared by using paired or unpaired Student’s ttests, with a 
significant difference indicated by P< 0.05 (asterisk) and no difference by n.s. 
All human tissue or cell data are derived from, or are representative of, at least 
three independent experiments on samples from three patients. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Trisomy represses Apc™" 


-mediated tumours in 


mouse models of Down's syndrome 


Thomas E. Sussan’t, Annan Yang’, Fu Li?, Michael C. Ostrowski” & Roger H. Reeves! 


Epidemiological studies spanning more than 50 yr reach conflict- 
ing conclusions as to whether there is a lower incidence of solid 
tumours in people with trisomy 21 (Down’s syndrome)'#. We used 
mouse models of Down’s syndrome and of cancer in a biological 
approach to investigate the relationship between trisomy and the 
incidence of intestinal tumours. Apc™"-mediated tumour number 
was determined in aneuploid mouse models Ts65Dn, Ts!Rhr and 
MsIRhr, Trisomy for orthologues of about half of the genes on 
chromosome 21 (Hsa21) in Ts65Dn mice or just 33 of these genes 
in Ts1Rhr mice resulted in asignificant reduction in the number of 
intestinal tumours. In Ms1Rhr, segmental monosomy for the same 
33 genes that are triplicated in Ts1Rhr resulted in an increased 
number of tumours. Further studies demonstrated that the Ets2 
gene contributed most of the dosage-sensitive effect on intestinal 
tumour number. The action of Ets2 as a repressor when it is 
overexpressed differs from tumour suppression, which requires 
normal gene function to prevent cellular transformation. Upregu- 
lation of Ets2 and, potentially, other genes involved in this kind of 
protective effect may provide a prophylactic effect in all indivi- 
duals, regardless of ploidy. 

‘The most widely used model of Down’s syndrome is the Ts65Dn 
mouse, which is trisomic for orthologues of about 100 Hsa21 genes 
and recapitulates in detail several phenotypes of Down’s syndrome™* 
(Supplementary Fig. 1). Mice that are heterozygous for the ApcM™" 
mutation accumulate tumours analogous to those in familial adeno- 
matous polyposis along the wall of the small intestine and colon’. 
APCis also mutated in a high proportion of spontaneous intestinal 
cancers in human beings. Although the mouse mutation is comple- 
tely penetrant, the number of tumours that develop is dependent on 
both genetic modifier genes and environmental factors®. 

Female Ts65Dn mice were crossed to Ape“ males and the num- 
ber of tumours in the small intestine was determined in their trisomic 
and euploid Apc progeny at 120 days of age (Supplementary Fig. 
2). Trisomic mice showed a significant 44% reduction in the number 
of tumours compared to their euploid, Ape littermates, from 45.4 
to 23.8 tumours (Table 1). This establishes a biological basis for the 
effects of trisomy on tumour formation and shows that trisomy for 
orthologues of about half of the genes on Hsa21 is sufficient to reduce 
tumour incidence in this model. 

We reanalysed these data considering the inheritance of suscep- 
tible or resistant alleles of the modifier of Min 1 (Mom1) locus that 
result in higher or lower tumour number (MomI’ and Mom1', 
respectively; genetic background of all crosses is shown in 
Supplementary Fig. 3)”*, The inheritance of a single Mom!" allele 
reduced the average tumour number from 62.6 to 21.3 in euploid 
mice (66%) as expected, and a similar 59% reduction occurred in 
Ts65Dn (Table 1). Ts65Dn, Mom1** mice had a highly significant 
50% reduction in small intestine tumour number compared to 


euploid Mom1* mice (P= 0.0028). Trisomic mice that inherited a 
Mom allele (Mom1*) also had substantially reduced tumour num- 
bers relative to euploid mice, although this reduction didnot reacha 
statistically significant level in the small sample of Ts65Dn, Mom 1*" 
mice ayailable for this post-hoc analysis. Thus the Mom1' effect seems 
to be additive with the protective effect of trisomy, suggesting that 
independent mechanisms are involved. 

We analysed Ts1Rhr mice to narrow the candidate region for the 
gene or genes responsible for reduced tumour number. These mice 
have segmental trisomy for 33 of the genes that are triplicated in 
Ts65Dn (Supplementary Fig. 1). These genes represent a ‘critical 
region’ of Hsa21, previously thought to be sufficient to cause several 
phenotypes of Down's syndrome”. Ts1Rhr, Ape mice had a sig- 
nificant 26% reduction in the average number of tumours in the 
small intestine when compared to euploid, Apc mice (Table 1). 

When Ape mice were crossed to Ms1Rhr, which have segmental 
monosomy for the 33 genes that are triplicated in Ts1Rhr, we 
observed a significant 101% increase in tumour number in the 
monosomic mice compared to euploid (Table 1). These results 
demonstrate that a gene (or combination of genes) in this region is 
dosage sensitive in both directions with respect to the effect on 
tumour number. 

The 33 genes at dosage imbalance in Ts1Rhr and Ms1Rhr mice 
include several possible candidates for the tumour number effect 
(Supplementary Table 1), including the Ets? ‘proto-oncogene’. 
Although generally considered a ‘pro-cancer’ gene, Ets2 has several 


Table 1| Average numbers of intestinal tumours in aneuploid and euploid 
mice at 120 days of age 
Average no.of sd. 


No. of mice t-test significance 


tumours (P value) 
Either Momd allele 
Euploid 454 29.9 24 0.008 
Ts65Dn 238 14.2 10 
Mom1** 
Euploid 626 264 4 0.0028 
Ts65Dn 312 137 6 
‘Mom1** 
Euploid 23 B3 10 0.105 
Ts650n 128 5.0 4 
Segmertal aneuploidies* 
Euploid (B6) 1073 45.0 16 0.083 
Ts1Rhr (B6) 196 29.9 2 
Euploid (B5/C3H) 370 16.0 9 0,048 
MsiRhr (B6/C3H) 144 307 7 


* Genetic background is shown in parentheses, TS650n and euploid controls are B6/C3H 
(Supplementary Fig. 3) 
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activities consistent with a role in repressing the early stages of trans- 
formation"""'. We performed a three-way cross to produce mice 
carrying Apc™that were either euploid or had the Ts1 Rhr segmental 
trisomy, and which segregated an allele of Ets2 that deletes exons 3-5 
and fails to produce functional Ets2 protein (E.L-and M.C.O., manu- 
script in preparation). Tumours were counted at 120 days (Fig. 1). 
This independent cohort of mice replicated the observation (Table 1) 
that trisomy for three copies of Ets2 and 32 flanking genes in Ts1Rhr 
results in a significantly reduced tumour incidence, from a mean of 
100.8 to 53.9 (P= 0.001). However, when Ets2 was retumed to the 
normal two copy level in mice that were still trisomic for the 32 
flanking genes (Ape, Ets2*/~, Ts1Rhr), average tumour number 
increased significantly to 81.2 (P= 0.012). Thus, a substantial por- 
tion though not all of the tumour repression in Ts1Rhr is accounted 
for by the extra copy of Ets2. 

Mice that carried a single copy of Ets2 in a euploid background 
showed a substantial, 20% increase in tumour frequency (P= 0.075), 
reminiscent of the increase in tumours in Ms1Rhr mice, which carrya 
single copy of this gene. These mice developed severe disease much 
earlier than mice of other genotypes and several did not survive long 
enough for tumours to be counted, Thus this difference in tumour 
number is probably under-represented. Ets2 messenger RNA and 
protein levels corresponded directly to gene copy number in all of 
the genotypes (Supplementary Fig. 4). 

The size of tumours ina given genetic background provides one 
indicator of tumour initiation and growth rates. We compared the 
size of tumours between trisomic and euploid Ap" mice (Fig. 2a). 
Ts65Dn, MomI* mice showed a significant 34% reduction in 
average and median tumour size at 120 days compared to euploid 
(P<0.005). Note that Ts65Dn mice in this experiment had 48% 
fewer tumours than did euploid animals, a significantly lower level 
that replicates in this independent cross the reduction in tumour 
number reported for the independent cohort of mice represented 
in Table 1 (P<0.04, N=4 euploid, 5 Ts65Dn). 

To determine whether this difference was evident earlier in the 
course of tumour formation, intestines of trisomic and euploid mice 
carrying the Apc“ allele were immunostained for B-catenin at 60 
days of age (Supplementary Fig. 2)!2. As at 120 days of age, the 
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Figure 1| Ets2 dosage is substantially responsible for tumour number 
repression or increase. Average tumour number at 120 days is measured for 
the four genotypes, error bars indicate s.d. Number of mice analysed, P value 
and the gene copy number of Ets? in each strain are indicated. *, statistical 
significance by Student’s t-test of the designated pair. Although the 
increased tumour number in euploid Ets2*’~ miceat 120 days did not reach 
a formal level of statistical significance, this result underestimates the impact 
of reduced Ets2 dosage, because four Apc", Ets2*/— mice became sick and 
were euthanized before tumours could be counted at 120 days. None of the 
47 mice representing the other 3 genotypes died before 120 days. 
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number and average size of tumours in Ts65Dn mice was signifi- 
cantly less than in their euploid counterparts (Fig. 2b). No tumours 
were seen at 30 days of age in two euploid or one trisomic Ape" 
mouse after B-catenin staining, Thus the repression of tumour num- 
ber and size in Ts65Dn mice was evident early in tumour formation. 

In contrast to Ts65Dn mice, tumour size was not different from 
euploid in either TsIRhr or MsIRhr mice (data not shown). The 
absence of a tumour size phenotype even though tumour number 
is reduced in Ts1Rhr mice indicates that multiple genes on Mmul6 
(and Hsa21) may contribute to different aspects of tumour repres- 
sion caused by trisomy. 

For 50 yr, epidemiological studies examining rates of solid 
tumoursin individuals with Down’s syndrome have reached discrep- 
ant condusions about whether trisomy is protective against can- 
cer**"* (Supplementary Table 2). Although our demonstration of 
tumour repression owing to gene dosage applies specifically to the 
role of trisomy and especially Ets2 dosage in Apc-induced tumours, it 
provides biological evidence supporting the protective effect of 
trisomy. It will be important to determine the range of cancer types 
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Figure 2 | Tumour growth and number are reduced in Ts65Dn mice. 
Distribution of tumour sizes for trisomic (open bars) and euploid (closed 
bars) mice.a, At 120 days of age,tumour numberis reduced and tumoursare 
significantly smaller in Ts65Dn, Mom! than in euploid mice. Mean 
tumour size is reduced by 34%; Ts65Dn = 0.91 mm, euploid = 1.38 mm 
(P-=0.005, N= 347 and 577 tumours for Ts65Dn and euploid, 
respectively). b, At 60 days, the number of tumours identified after staining 
with B-catenin is significantly reduced in Ts65Dn (P = 0.037) and mean 
tumour size is reduced 36%; mean = 18 min trisomic and 28 min euploid 
mice (P = 0.029, n= 346 and 636 tumours for Ts65Dn and euploid, 
respectively). Arrows indicate mean tumour size in each genotype. 
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and the range of dosage-sensitive genes that contribute to this pro- 
tective effect in different tissues. 

Notable among the Hsa21 genes that have been implicated in pro- 
or anti-tumorigenesis is endostatin, an inhibitor of angiogenesis that 
has been shown to be a potent inhibitor of tumour growth in model 
systems". Elevated expression of another Hsa21 gene, RCANI, can 
reduce endothelial cell proliferation and angiogenesis, affecting size 
and vascularity of xenografted tumours’. However, Rean1 is not 
trisomic in Ts1Rhr, and the Coll8a1 gene (which encodes endosta- 
tin) is not triplicated in either Ts65Dn or Ts1Rhr. Therefore, these 
genes donot account for the reduction in tumour number seen here. 

‘Two general implications that stem from the observation that 
trisomy and specifically Ets2 dosage can repress or promote tumour 
growth are worth special note. First, repression of tumorigenesis 
when Ets2 expression is elevated may in fact be a characteristic of 
many genes identified previously as oncogenes or tumour suppressor 
genes, Natural variation in average expression levels of ETS family (or 
other) repressor genes may exist in tumour-prone families without a 
known molecular basis for a high cancer frequency (reduced expres- 
sion of Ets2) or in cancer-resistant families (elevated expression). 
This phenomenon might be exploited to identify a pharmaco- 
logical-based approach to tumour protection, 

Second, previous observations about the role of the ETS2 proto- 
oncogene in cancer could not have predicted that elevation of 
expression beyond cuploid levels would provide a natural repression 
of tumour formation and growth, If trisomy for Hsa21 was not 
viable, the correlation of increased gene expression with lower solid 
tumour frequency would not occur in a systematic manner and may 
not have been observed for some time. The implication for promot- 
ing tumour resistance in all people on the basis of gene dosage of 
‘oncogenes’ is thus a product of the genetic heritage of those with 
Down’s syndrome. 


METHODS SUMMARY 


C57BL/6J-Ape™ mice (herein Ape) and BOEIC3Sn a@/A-Ts(17'°)65Dn 
(herein Ts65Dn) mice were purchased from the Jackson Laboratory and geno- 
typed as described’®, B6.Dup(Cbrl-ORF9)IRhr mice (herein Ts1Rhr)? were 
backcrossed eight or more generations onto C57BV6) (B6). B6C.3Dd(16Cbr1- 
ORF9)1Rhr (herein MsIRhr) and Ts65Dn mice were maintained as an advanced 
intercross between B6 and C3H. For tumour analysis, mice were euthanized at 
120 + 2 days, intestines were placed in fresh PBS, and tumours counted under 
20X magnification, Tumour size was determined for the longest axis, using an 
eyepiece reticule, Statistical significance was determined using Student's t-test. 
Detailed methods are in Supplementary Information and Methods. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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NUMB controls p53 tumour suppressor activity 


Ivan N. Colaluca’”, Daniela Tosoni”, Paolo Nuciforo!, Francesca Senic-Matuglia', Viviana Galimberti”, 


Giuseppe Viale”, Salvatore Pece*> & Pier Paolo Di Fiore 


NUMB is a cell fate determinant, which, by asymmetrically parti- 
tioning at mitosis, controls cell fate choices by antagonising the 
activity of the plasma membrane receptor of the NOTCH family’, 
NUMB is also an endocytic protein’, and the NOTCH-NUMB 
counteraction has been linked to this function**. There might 
be, however, additional functions of NUMB, as witnessed by its 
proposed role as a tumour suppressor in breast cancer®, Here we 
describe a previously unknown function for human NUMB as a 
regulator of tumour protein p53 (also known as TP53). NUMB 
enters in a tricomplex with p53 and the E3 ubiquitin ligase 
HDW2 (also known as MDM2), thereby preventing ubiquitination 
and degradation of p53. This results in increased p33 protein levels 
and activity, and in regulation of p53-dependent phenotypes. In 
breast cancers there is frequent loss of NUMB expression’. We 
show that, in primary breast tumour cells, this event causes 
decreased p53 levels and increased chemoresistance. In breast 
cancers, loss of NUMB expression causes increased activity of 
the receptor NOTCH®. Thus, in these cancers, a single event—loss 
of NUMB expression—determines activation of an oncogene 
(NOTCH) and attenuation of the p53 tumour suppressor pathway. 
Biologically, this results in an aggressive tumour phenotype, as 
witnessed by findings that NUMB-defective breast tumours dis- 
play poor prognosis. Our results uncover a previously unknown 
tumour suppressor circuitry. 

p53 is one of the major tumour suppressor proteins®. Mutationsin 
the p53 gene are detected in ~50% of human cancers’. Indirect 
mechanisms also lead to p53 inactivation, HDM2 binds to p53 and 
hinders its transcriptional activity’. In addition, HDM2 regulates p53 
half-life through its E3 ubiquitin-ligase activity®°. The tumour sup- 
pressor ARE (alternative reading frame, and encoded by the INK4a/ 
ARF locus, INK4a is also called CDKN2A) binds to HDM2 and 
interferes with its activity, thereby stabilizing p53 (ref. 11). Thus, in 
human tumours, amplification of the HDM? gene or loss of the 
ARE protein® result in defective p53 activity. In breast tumours, p53 
mutations and amplification of HDM2are not as frequent as in other 
tumours, being detected in ~20% and <10% of cases, respec 
tively"“!6, Similarly, homozygous deletions or mutations of the 
INK4a/ARF locus are rare“, Although epigenetic mechanisms 
might contribute to altered expression of HDM2 or ARF", other 
unknown circuitries of regulation of p53 might besubverted in breast 
tumours. NUMB is acandidate for this role, in that it binds to HDM2 
(ref. 20) and is frequently underexpressed in breast cancers’. 

Previous work has shown interaction in vivo between overex- 
pressed NUMB and HDN2 (ref. 20). Also the two endogenous pro- 
teins can be co-immunoprecipitated from cellular lysates of normal 
mammary MCFIOA cells (Fig. 1a). In addition, the four described 
isoforms of NUMB all interact with HDM2 (Supplementary Fig. 1a). 
NUMB also co-immunoprecipitates with p53 (Fig. 1a). This is com- 
patible with the existence in vivo of multiple binary complexes 
(NUMB-HDM?, NUMB-p53 and HDM2-p53), or of a tricomplex 
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NUMB-HDM2-p33. In in vitro binding assays with purified pro- 
teins, all three binary complexes could form, indicating direct inter- 
actions between the three proteins (Supplementary Fig. 1b). The 
presence of nutlin, which inhibits the HDM2-p53 interaction*', 
prevented the formation of the HDM2-p53 complex, but not of 
the HDM2-NUMB or p53-NUMB complexes (Fig. Ib). Thus, the 
NUMB-p53 and NUMB-HDM2 surfaces of interaction are distinct, 
at least in part, from that of the HDM2-p53 interaction. This pointed 
to the possibility of formation of a tricomplex in vivo (which might 
coexist with the various binary complexes)—a possibility confirmed 
by sequential immunoprecipitation experiments with endogenous 
(Big. 1c) or overexpressed (Supplementary Fig. 1c) proteins. Nutlin 
and cisplatin strongly decreased the NUMB-HDM2, but not the 
NUMB-p53, interaction (Supplementary Fig. 1d, e). These results 
argue that thestability of the tricomplex is affected by agents disrupt- 
ing the HDM2-p53 interaction and that itis regulated in response to 
stress signals. 

We analysed the effects of NUMB knockdown (NUMB-KD) on 
p53 by targeting two different sequences in NUMB using short inter- 
fering RNA (siRNA) or short hairpin RNA (shRNA), respectively. 
Both methods yielded 80-90% decrease in NUMB levels and an 
approximately twofold decrease in the p53 steady-state levels 
(Pig, 1d and Supplementary Fig. 2a). This effect was NUMB-specific 
because ablation of the related protein NUMBL (NUMB-like) did 
not affect p53 levels (Fig. 1d). Importantly, approximately threefold- 
higher doses of genotoxic drugs (Fig. le, fand Supplementary Fig, 2b) 
were needed to induce, in knockdown cells, levels of p53 comparable 
to those induced in wild-type cells. Similar results were obtained in 
primary normal human mammary cells (Supplementary Fig. 2c). The 
reduced levels of p53 on cisplatin treatment were paralleled by a 
reduction in the levels of Ser 15-phosphorylated p53 (Fig. 1f), a mar- 
ker of the activation status of p53. Furthermore, we observed marked 
reductions in the expression of several p53 transcriptional targets 
(Fig. 1f, g). Thus, in NUME-KD cells, the overall activation status 
of p53 after DNA damage is reduced, 

In NUMBKD cells, p53 messenger RNA levels were not altered 
(Pig, 2a), arguing for NUMB-mediated regulation of p53 at the post- 
transcriptional level. Indeed, the half-life of p53 was reduced in 
NUMB-KD versus control cells, from ~60 to ~20 min (Fig. 2b, c). 
The half-life of HDM2 was not affected, arguing that NUMB-KD 
does not primarily affect HDM2 stability (Big, 2b, c). 

‘The simultaneous silencing of NUMB and HDM? restored p53 
to levels indistinguishable from that of control cells or HDM2-KD 
cells (Fig. 2d). Nutlin stabilizes and activates p53 (ref. 21). Nutlin 
treatment of MCF10A cells resulted in increased steady-state levels of 
p53 and of HDM2 (Fig. 2e), which confirms that the accumulated 
p53 protein is transcriptionally active. More importantly, nutlin 
reversed the effects of NUMB-silencing on p53 levels (Fig. 2e). 
Thus, there is a requirement for HDM2 in the regulation of p53 by 
NUMB. 


‘IFOM, the FIRC Institute for Molecular Oncology Foundation, Via Adamello 16, 20139, Milan, Italy, “European Institute of Oncology, Via Ripamonti 435, 20141 Milan, Italy. 
Dipartimento di Medicina, Chirurgia ed Odontoiatria, Universita degli Studi i Milano, 20122 Milan, Italy, 
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HDM2 regulates p53 turnover through its E3 activity. In NUMB- 
KD cells, we detected enhanced ubiquitination of p53, which was 
inhibited by nutlin (Fig. 2f), arguing for a direct counteraction of 
NUMB over the p53-ubiquitinating activity of HDM2. This was 
confirmed in in vitro assays in which glutathione S-transferase 
(GST)-p53 was used as a substrate for the E3 activity of HDM2. 
Under these conditions, ubiquitinated p53 was readily detectable 
(Fig. 2g). However, this effect was abolished in the presence of puri- 
fied NUMB or nutlin (Fig. 2g; see Supplementary Fig. 3 for possible 
models for action of NUMB). 

NUMB inhibits NOTCH activity. Thus, it was important to prove 
that the observed effects were not a consequence of deregulated 
NOTCH activity. We treated NUMB-KD cells with inhibitors of 
presenilin/y-secretase (known as y-secretase inhibitors, GSI) to abol- 
ish NOTCH activity, GSI had no significant effect on p53 levels in 
NUMB-KD or control cells (Fig. 2h and Supplementary Fig. 4a), 
ruling out participation of NOTCH to the observed NUMB regu- 
lation of p53. This was confirmed using gain-of-function mutants of 
NOTCH (Supplementary Fig. 4b). 

We tested whether the NUMB-HDM?2 counteraction was relevant 
to p53-dependent transcriptional activity. HDM2 significantly 
inhibited the trans-activating ability of p53 on a luciferase reporter 
gene. However, NUMB restored, albeit not completely, this ability in 
a dose-dependent fashion (Fig. 2i). 

Perturbation of NUMB levels should result in alterations in p53- 
mediated responses to DNA damage. To monitor DNA damage, we 
analysed the levels of phosphorylation at serine 139 of histone 
H2AEX (y-H2AX) in cells treated with cisplatin, because prolonged 
persistence of y-H2AX is considered to be a marker of persistent 
DNA damage”***. MCFI0A cells were treated and then washed free 
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of the drug and monitored for up to 48h. In both p53-KD (Fig. 32) 
and NUMB.KD (Fig. 3b, c) cells, we detected higher levels of y-H2AX 
than in control cells, and demonstrated persistence of y-H2AX dur- 
ing the cisplatin chase. 

We also tested the effects of NUMB or p53 ablation on perturba- 
tions of the cell cycle induced by genotoxic drugs. In MCF10A cells, 
cisplatin induced an S-phase block; this was, however, independent 
of p53 or NUMB, and thus not informative for our purposes (Fig. 
3d and Supplementary Fig. 5). However, doxorubicin and SN38 
induced a G2/M block and an $-phase block, respectively, which were 
partially rescued by NUMB-KD or p53-KD (Fig. 34). This effect is 
better illustrated by correcting for the initial percentage of cells in the 
various phases of the cycle (Fig. 3d, right-most panel), because the 
ablation of NUMB or p53 caused some alterations in the cell cycle 
already at steady state. 

After treatment and washout with doxorubicin or SN38, MCFLOA 
cells did not efficiently re-enter the cell cycle for at least 20h (Fig, 3e), 
probably owing to checkpoint activation. Conversely, NUMB-KD 
cells and p53-KD cells displayed accelerated exit from the blocked 
phase (Fig. 3e). Moreover, doxorubicin and $N38 caused a marked 
block of cell proliferation, which was partly alleviated by the silencing 
of NUMB or p53. In addition, even after washout of the drugs, the 
proliferation rate was more sustained in NUMB-KD and p53-KD 
cells compared to control MCFIOA cells (Fig, 3f). 

We then performed experiments under conditions of NUMB over- 
expression, Expression of NUMB-GFP (green fluorescent protein) in 
MCF10A cells increased the levels of p53 in both unstressed cells and 
cisplatin- or doxorubicin-treated cells (Supplementary Fig. 6a, b). 
The moderate, albeit reproducible, increase in p53 possibly reflects 
the fact that proliferating cells can tolerate only limited amounts of 
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Figure 1| NUMB interacts with and regulates p53. a, MCFIOA lysates 
(3:mg) were immunoprecipitated (IP) and immunoblotted (IB). The control 
was an irrelevant antibody. b, Pure HDM2, GST-p53 and NUMB were 
mixed (3.2 nM each) and the solution was immunoprecipitated and 
immunoblotted as shown. c, Left, lysates (40 mg) from U20S cells were 
immunoprecipitated with anti-NUMB (control, irrelevant antibody) and an 
aliquot (one-twenty-fifth) of the immunoprecipitate and immunoblot as 
shown. Right, the immunoprecipitate was eluted with the immunogenic 
NUMB peptide (amino acids 537-551); the immunoprecipitate and 


immunoblot were as indicated. Inp, one-fortieth of the eluate; Lys. lysate. 
d, MCFIOA lysates, transfected as shown, were immunoblotted as indicated. 
e, f, MCFIOA cells, transfected as shown, were exposed to cisplatin (24h), 
The immunoblot was as indicated. Right, quantification (mean of three 
experiments) of p53 induction in control (open circles) and NUMB-KD cells 
(filled circles), g, Quantitative PCR with reverse transcription (RT-PCR) in 
control siRNA (open bars) and NUMB-KD (filled bars) MCFIOA cells. 
Values represent mean (control siRNA/no cisplatin = 1) + s.d. from two 
experiments. Cisplatin, 8h. 
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p53. NUMB overexpression also enhanced p53-dependent transcrip- 
tional activity, and prolonged p53 half-life (from ~60 to ~ 120 min) 
(Supplementary Fig. 6a~d). 

The above results demonstrate that NUMB overexpression 
increases p53 stability and activity, predicting enhancement of 
p53-mediated responses to genotoxicity, such as apoptosis. Thus, 
we monitored activation of caspases*. NUMB-GFP-transfected 
MCEIOA cells displayed an approximately threefold-higher level of 
activated caspase-3 compared to control cells in response to cispla- 
tin-induced DNA damage—an effect that was abolished by silencing 
of p53 (Supplementary Fig. 6¢, f). These results show that NUMB 
levels are relevant to the p53-mediated cellular responses. 

In breast tumours, loss of NUMB expression is frequently 
detected®. These tumours should harbour reduced p53 levels and 
impaired p53-mediated responses. We addressed these issues in 
primary human breast tumour cells. These cells* can be cultivated 
from tumours displaying low or absent levels of NUMB (class 1 
tumour cells) or normal levels of NUMB (class 3). We selected eight 
primary cultures (four of cach for class 1 and class 3). The p53 coding 
sequence was normal in all selected primary cells (not shown). 

In class | compared with class 3 cells, the steady-state levels of p53 
were reduced (Fig, 4a) owing to increased proteasomal degradation, 
as shown by comparable p53 mRNA levels in class 1 and 3 (Fig. 4b), 
and to restoration of p53 in class 1 cells by the proteasome inhibitor 
MGI132 (Fig. 4a). The reduction in p53 levels was caused by loss of 
NUMB, by means of HDM2. Indeed, forced re-expression of 
NUMB-GEP (Fig, 4c) or silencing of HDM2 (Fig. 4d) restored nor- 
mal p53 levels in class 1, whereas it had a limited effect, as expected, in 
class 3 cells. 
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Deficient p53 activity is associated with resistance to thecytotoxic 
effects of chemotherapy*. Thus, NUMB-defective breast tumours 
should show resistance to genotoxic anticancer drugs. Indeed, class 
1 cells exhibited higher resistance to cisplatin than class 3 cells 
(Big. 4e), Re-expression of NUMB in class 1 cells restored respon- 
siveness to cisplatin to levels comparable to those of control class 3 
cells (Fig. 4e). NUMB-silencing in class 3 cells increased resistance 
to the drug to levels comparable to those of control class 1 cells 
(Fig, 4e), Nutlin restored the susceptibility of class 1 cells to cisplatin 
(Fig. 4e), and reverted the effects of NUMB ablation in class 3 cells 
(Fig. 4c), again implicating the HDM2-p53 circuitry, 

Finally, we analysed a cohort of 443 breast cancer patients who 
received adjuvant chemotherapy. We found that NUMB status was 
inversely corrdated with the major clinical and pathological parameters 
indicative of biologically aggressive neoplastic disease (Supplementary 
Table 1), and that it behaved as an independent predictor of poor 
prognosis (Fig. 4f). In conclusion, in breast tumours there is frequent 
lossof NUMB expression’, and this event causes decreased p53 activity. 
Moreover, loss of NUMB expression is associated with poor prognosis, 
further arguing its clinical relevance. We note that lack of NUMB also 
leads to increased NOTCH activity’. Thus, the alteration of NUMB 
concomitantly leads to the activation ofan oncogene, NOTCH, and to 
the attenuation of a tumour suppressor, p53, 

Many questions await answers. It remains to be established where 
NUMB, HDN2 and p53 interact. This is not trivial because HDM2 
and p53 are by-and-large nuclear proteins whereas NUMB is in the 
cytoplasm, mostly associated to biomembranes’. Similarly, our find- 
ings ask whether endocytosis participates to the regulation of p53, 
because NUMB is an endocytic protein. Of note, it has been shown 
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Figure 2 | NUMB regulates HDM2-mediated degradation of p53. a, p53 
mRNA levels in control-siRNA and NUMB-siRNA MCF10A cells. Values 
represent the mean + s.d. (control siRNA = 1) from two experiments. 
b,c, MCFIOA cells, transfected as shown, were treated with cydoheximide 
(CHX). Immunoblot was as indicated. In c, quantification of p53 and HDM2 
levels in control-siRNA (open circles) and NUMB-siRNA (filled circles) cells 
are shown; values are expressed relative to time 0 (normalized to vinculin), 
and represent, in the case of p53, the mean * s.d. of three experiments. 
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d,e,f, Lysates from MCF10A cells, transfected and treated as indicated, were 
immunoprecipitated and immunoblotted as shown. In f, p53 levels were 
normalized by loading proportionally different amounts of cell extracts. 

g, GST-p53 was subjected to in vitro ubiquitination assay as indicated. 
Detection was in the immunoblot (Ub, anti-ubiquitin antibody). h, Lysates 
from MCF10A cells, transfected and treated as shown, were immunoblotted 
as indicated. i, Luciferase assay in U2OS cells transfected as indicated. 
Results represent mean + s.d. from three experiments, 
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Figure 3 | NUMB silencing alters the p53-mediated response to DNA 
damage. a,b, MCFIOA cells, in which p53 (p53 shRNA, a) or NUMB 
(NUMB shRNA, b) had been silenced, were treated with cisplatin (6 jig mI7* 
for 15h) and released in cisplatin-free medium. Immunoblot was as 
indicated, NT, not treated. ¢, y-H2AX (red) in MCFI0A cells, infected and 
treated as in b. Green (GFP), transduced cells. Asterisks, GEP-positive cells 
with persistent y-H2AX staining. Arrowheads, non-infected cells with loss of 
y-H2AX staining. Blue, 4,6-diamidino-2-phenylindole (DAP!). Original 
magnification, X40. d, MCF10A, silenced with p53 shRNA (p53-KD), 
NUMB shRNA (NUMB-KD) or control shRNA (Control) were mock- 
treated (—) or treated (+) for 24h (cisplatin, 9ugml”'; doxorubicin, 

0.05 igml *; SN38, 10 ngml~*), Bars: solid, G1; grey, S; empty, G2/M. In 


that other endocytic proteins control various aspects of p53- 
mediated functions: dynamin 2 induces p53-dependent apoptosis", 
and the clathrin heavy chain promotes p53-mediated transcription” 
(see also Supplementary Discussion). 

Finally, because NUMB is involved in binary fate decsions', a 
relevant question is whether NUMB, HDM? or p53 are involved in 
the homeostasis of mammary stem cells, and in its subversion in 
tumours. The role of p53 in stem cells has been widely investigated, 
mostly in light of the induction of cellular senescence by p53, which 
in turn can be linked to the depletion of stem cells and to organism 
ageing”. Our data raise the possibility that p53, because of the 
NUMB liaison, is involved in the initial process that sits at the heart 
of stem cell fate (that is, asymmetric cell division). Indeed, a role for 
p53 as a cell-autonomous asymmetric kinetics control gene has been 
proposed”, which might be due to its involvement in regulating the 
linked phenomenon of immortal DNA strand cosegregation™. Thus, 
our data put forward the possibility that an additional mechanism of 
tumorigenesis, caused by the lack of the p53/NUMB axis, is the 
skewing of stem cell division towards a symmetric pattern. 


the far-right ‘Block? graph, values of the blocked phases are reported 
(cisplatin and SN38, $; doxorubicin, G2/M) in NUMB-KD (N), p53-KD (53) 
or control (C) cells. Values are expressed after subtracting cells in the same 
phase under non-treated conditions. e, MCFIOA cells, silenced and treated 
asin d, were released in drug-free medium (washout) for 6 or 20 h, followed 
by fluorescence-activated cell sorting. For the ‘Exit from the blocked phase’ 
graph, values of the blocked phases (doxorubicin, G2/M; SN38, S) are 
reported versus time of drug washout (0, 6 or 20 h, triangles). f, MCF10A 
cells, silenced as in d, were treated for 20h and then released in drug-free 
medium for 18h. Cells were counted at the indicated times. d-f are 
representative of at least three experiments in triplicates. 
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Cultivation of primary epithelial cells was performed as described previously’. 
Procedures for immunofluorescence, immunoblotting and immunoprecipita- 
tion were also performed as described previously®. A list of the antibodies and 
reagents used is in Supplementary Information. 

pG13-Luc and expression vectors for p53 and HDM2 were a gift of K. Helin, 
p53 shRNA pSUPER was extracted from a shRNA library (a gift from R. 
Bernard), ‘The retroviral PINCO-NUMB-GEP vector was as described’. The 
lentiviral pLL3.7 vector was a gift from L, Van Parijs. All constructs used in this 
study were sequence-verified. Procedures for retroviral infection and luciferase 
assays were also described®, Procedures for lentiviral infection are shown at 
http://web.mit.edu/ccr/labs/jacks/protocols/pll37.htm. 

Specific siRNA for NUMB and controls were as described previously’, 
NUMBI- and HDM2-specific siRNA were from Dharmacon: HDM2, 5'- 
GCCACAAAUCUGAUAGUAU-3';, NUMBL, 5'-ACGCCUUCUGCUCAGC- 
CGC-3’, 

Real-time PCR for p53, HDM2, p21 (also known as CDKN1A), p53R2 (also 
known as RRM2B), PUMA (also known as BBC3) and FAS was performed using 
the TagMan Gene Expression Assays Indentification; Hs00153349-ml, 
Hs00242813-m1, Hs00355782-m1, Hs00153085_m1, Hs00248075_m1 and 
Hs00163653_ml, respectively (Applied Biosystems). 
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Figure 4 | Loss of NUMB in human breast tumours determines decreased 
p53, enhanced chemoresistance and predicts poor prognosis. a, Class 1 and 
class 3 cells were treated with MG132 (+). Immunoblot was asindicated. b, p53 
transcripts. Results represent mean (normalized to class 3) * s.d. from four 
tumours. ¢, Class | and class 3 cells were transduced as shown, Immunoblot was 
asindicated.d, Class 1 and class 3 calls were transfected with HDM2 siRNA (+) 
or control siRNA (—). Immunoblot was as indicated. e, Class 1 and class 3 cells 
were transduced asindicated, treated with cisplatin and nutlin, and analysed for 
cell viability, Results represent mean + s.d. from triplicate points. In a, ¢, dand 
e, results are representative of four dass 1 and four class 3 cultures, from 
different patients. f, NUMB status (as evaluated by immunohistochemistry) 
and prognosis (as evaluated by cumulative probability of any secondary event) 
in patients with breast cancer. Kaplan-Meier curves were compared by the Log- 
rank test. Hazard ratio before adjustment for clinical and pathological features 
(Cox proportional hazard method), 0.610 (P, 0.0068); hazard ratio after 
adjustment, 0.651 (P, 0.0291); Log-rank, 0.00387. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Post-translational modification (PTM) of proteins plays an 
important part in mediating protein interactions and/or the 
recruitment of specific protein targets'*. PTM can be mediated 
by the addition of functional groups (for example, acetylation or 
phosphorylation), peptides (for example, ubiquitylation or 
sumoylation), or nucleotides (for example, poly(ADP-ribosyl) 
ation). Poly(ADP-ribosy!)ation often involves the addition of long 
chains of ADP-ribose units, linked by glycosidic ribose-ribose 
bonds’, and is critical for a wide range of processes, including 
DNA repair, regulation of chromosome structure, transcriptional 
regulation, mitosis and apoptosis*. Here we identify a novel 
poly(ADP-ribose)-binding zinc finger (PBZ) motif in a number 
of eukaryotic proteins involved in the DNA damage response and 
checkpoint regulation. The PBZ motif is also required for post- 
translational poly(ADP-ribosyl)ation. We demonstrate inter- 
action of poly(ADP-ribose) with this motif in two representative 
human proteins, APLF (aprataxin PNK-like factor) and CHFR 
(checkpoint protein with FHA and RING domains), and show that 
the actions of CHER in the antephase checkpoint are abrogated by 
mutations in PBZ or by inhibition of poly(ADP-ribose) synthesis. 

Damaged DNA and the mitotic apparatus (mitotic spindle, cen- 
tromeres and centrosome) represent major sites of poly(ADP-ribose) 
accumulation’. The specific targeting of proteins to these sites is 
dependent on the recognition of poly(ADP-ribose) (PAR) by defined 
PAR-binding motifs or modules. Until now, only two such motifs 
have been described. One is found in proteins such as p53, histones 
and XRCC1, and is characterized by a 20 amino acid motif containing 
a basic residue-rich cluster and a pattern of hydrophobic amino 
acids interspersed with basic residues‘”; the second is a conserved 
~ 190-residue domain known as the macro domain, and is found in 
the poly(ADP-ribose) polymerases PARP9, PARP14 and PARP15 
(ref. 8). 

CHER is a ubiquitin ligase that functions in the antephase check- 
point by actively delaying passage into mitosis in response to micro- 
tubule poisons. It is frequently mutated in human epithelial 
cancers"’, and CHER-deficient mice develop spontaneous 
tumours'"', but a detailed understanding ofits function is still emer- 
ging. Analysis of the primary sequence of CHER revealed a conserved 
putative C2H2 zinc-finger motif at its carboxy terminus. Using 
homology and pattern searches, similar motifs were found in other 
eukaryotic DNA repair and checkpoint control proteins 
(Supplementary Fig, 1a, b). Similarities between a subset of these 
proteins have been noted'*""*, but the function of the motif was 
not elucidated. 

‘The putative C2H2 zinc-finger is separated by a 6-8 amino acid 
spacer and has the consensus [K/R]xxCx[E/Y]GxxCxbbxcxHxxx 


[E/Y]xH (Supplementary Fig. 1b). On the basis of the data that fol- 
lows, the motif will be referred to as PBZ. The phylogenetic distri- 
bution of the PBZ, motif is limited to eukaryotes, excluding yeast, 
and, as such, its occurrence coincides with the presence of poly(ADP- 
ribose) polymerases (PARPs). Because the majority of proteins con- 
taining PBZ motifs are either directly or indirectly associated with 
PAR metabolism, we analysed the PAR-binding ability of two human 
representatives, CHFR and APLF. APLF (C2 or f13) is an FHA- 
domain protein involved in the DNA damage response'*"", The 
modular structures of CHFR and APLF revealed one and two PBZ 
motifs, respectively (Fig. 1a). Additionally, Caenorhabditis elegans 
DNA ligase III, containing a single PBZ motif at its C terminus, was 
also analysed. Purified recombinant proteins were dot-blotted onto a 
nitrocellulose membrane and tested for their ability to bind **P- 
labelled poly(ADP-ribose). PAR binding was observed with all three 
proteins, and was resistant to extensive washing with | M salt (Fig. 1b, 
Janes 1-3). The interaction with PAR was equal to, or better than, that 
observed with XRCC1, which binds PAR with high affinity (lane4)°"". 

Mutation of the conserved cysteine residues in the single putative 
PBZ motif within CHER (Fig. la, indicated in red) resulted in the 
inability of the CHFR*PBZ mutant to bind PAR (Fig. lc, compare 
lanes 5 and 6). With APLF, PAR-binding was abolished by mutation 
of both putative zinc-finger motifs (APLF*PBZ), but not by muta- 
tion ofa single motif (APLE*PBZ1 and APLE*PBZ2) (Fig. Ic, lanes 
1-4). The tandem motifs of APLF, when purified as a recombinant 
glutathione S-transferase (GST)-tagged protein, exhibited PAR bind- 
ing (Fig. 1c, lane 7). 

Depletion of zinc, by incubation of wild-type CHER and APLE 
with the metal-chelating agent EDTA, resulted in a severe reduction 
in the ability of each protein to bind PAR (Fig. 1, lanes 2 and 5). 
Subsequent incubation with excess zinc, however, restored PAR- 
binding ability to CHER (lane 6) and C. elegans DNA ligase ITI (data 
not shown), but not to APLF which was irreversibly inactivated (lane 
3). We conclude that PAR binding is dependent on the presence of 
zinc, and define this newly identified motif as a PAR-binding zinc- 
finger or PBZ module. To our knowledge, this is the first description 
ofa zinc finger that is involved in PAR binding. 

Interactions between PAR and recombinant CHER and APLE were 
further analysed by surface plasmon resonance (Fig. le). Wild-type 
CHER and APLF bound PAR efficiently, and the kinetics of binding 
and dissociation are shownin Fig. le and Supplementary Table 1. The 
interactions of PAR with CHER and APLF were significantly more 
stable than that observed with XRCC1. The binding of PAR by 
CHER*PBZ or APLF*PBZ was not detectable (Fig. le). 

To investigate whether APLF and CHFR were themselves sub- 
strates for poly(ADP-ribosyl)ation, they were incubated with 
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PARPI in the presence of **P-labelled NAD (Fig. 1f). PARP1 
poly(ADP-ribosyl)ated wild-type APLF and CHER, as well as 
APLF*PBZ2 (lanes 2, 3 and 5), whereas the CHFR*PBZ and 
APLF*PBZ mutants remained unmodified (lanes 4 and 6). Thus, 
an intact PBZ motif is required for poly(ADP-ribosyl)ation. 

Mutational analysis of the PBZ motif revealed that the conserved 
arginine preceding the zinc finger was required for PAR-binding in 
both APLF (APLF*R1) and CHER (CHFR*R1) (Fig. Ig, lanes 6 and 
12). Furthermore, mutations at residues following the second 
cysteine of PBZ compromised PAR binding to CHFR*R2, 
CHER*Q, APLE*Y, APLE*R2 and APLE*R2K (lanes 2, 3, 8, and 
10, and Supplementary Fig. 2). All APLF mutants deficient for 
PAR-binding were not poly(ADP-ribosyl)ated by PARP in vitro 
(Supplementary Fig. 2). 

We next determined whether APLF and CHER associate with 
PAR in vivo, When Flag-tagged APLF and CHER proteins were tran- 
siently expressed in HEK293T cells, we found that the Flag pull downs 
of each protein contained PAR, as detected by western blotting 
(Fig. 2a, lanes 3 and 7). The PBZ-inactivating mutations severely 
reduced or abolished the associations of both APLF and CHER with 
PAR (Fig, 2a, lanes 4 and 8, and Fig, 2b, lanes 3, 4, 6 and 7). 
Interestingly, PARP1 was present in both the APLF and the 
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APLF*PBZ immunoprecipitates (Fig. 2a, lanes 3 and 4), but not in 
the CHER pull downs (lanes 7 and 8). We also found that expression 
of green fluorescent protein (GFP)-APLF and GFP-CHER fusion 
proteins in HEK293T cells resulted in the formation of distinct nuc- 
lear foci that co-localized with PAR (Fig. 2c), even in the absence of 
DNA damage. Theco-localization of PAR with GFP-APLF and GFP— 
CHER, but not with their PBZ mutant derivatives, indicates that the 
overexpressed wild-type proteins are poly(ADP-ribosyl)ated in vivo. 
We do not, however, rule out the possibility that the overexpressed 
proteins might recruit other poly(ADP-ribosyl)ated proteins leading 
to the observed signals. In control experiments, PAR failed to localize 
with GFP when expressed without CHFR or APLF (data not shown). 

To examine the functional importance of the PBZ motif, we ana- 
lysed its requirement for the CHER-dependent antephase checkpoint 
in Ptkl cells. Following treatment with microtubule poisons (such as 
colcemid), late G2 and prophase cells with an intact checkpoint delay 
entry to mitosis and decondense their chromosomes, while the nuc- 
lear envelope remains intact’, However, a CHFR deletion mutant 
lacking the amino-terminal FHA domain (CHFRAFHA) acts as a 
trans-dominant inhibitor of endogenous CHFR function”, and its 
expression abrogates the mitotic delay, We found that mutations 
of the cysteine residues in the PBZ motif of CHFRAFHA 
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Figure 1| PAR binding/modification mediated by the PBZ zinc finger motif. controls. c, PAR-binding is abolished by mutations in the PBZ motif. WT, 


a, Schematic diagram of the PBZ motifs in CHFR and APLE. Mutations are 
indicated in red. b, PAR binding by APLF, CHFRand G. elegans DNA ligase 
IIT (lig3) as determined by dot-blot analysis. XRCC1 and BSA were used as 
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wild type. d, PAR-binding is dependent on zinc. e, Analysis of PAR binding 
by surface plasmon resonance. f, In vitro poly(ADP-ribosy))ation of APLE 
and CHER by PARPI. g, PAR binding by the APLF and CHER PBZ mutants. 
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(CHFR*PBZAFHA) abolished its ability to act as a trans-dominant 
inhibitor (Fig. 3a, b, and Supplementary videos 1 and 2). All prophase 
cells expressing CHFRAFHA failed to exhibit an antephase check- 
point when exposed to colcemid (9 out of 9 cells), whereas those 
expressing CHFR*PBZAFHA returned to interphase (6 out of 6 
cells). Thus, the ability of CHFRAFHA to act as a dominant negative 
relies on PBZ, which in turn suggests an involvement of the PBZ 
motif in regulating CHER actions. 

HeLa cells do not express CHER and therefore lack an intact ante- 
phase checkpoint, leading us to use themas the parental cell line in 
a direct test of the physiological significance of PBZ in the antephase 
checkpoint. When HeLa cells were transfected with either wild-type 
or PBZ-mutated cyan fluorescent protein (CFP)-tagged CHFR 
and treated with colcemid, we found that expression of wild-type 
but not mutant CHFR restored the checkpoint defect, as indicated 
by a decrease in the mitotic index (Fig, 3c). Importantly, the auto- 
ubiquitylation activity of CHER, both in vivo and in vitro, was un- 
affected by mutations in the PBZ motif (Fig. 2a, lanes 7 and 8, and 
Fig. 3d, lanes 7 and 11). Furthermore, auto-ubiquitylation of wild- 
type CHER did not impair its PAR-binding potential (Fig. 3d, lanes 1 
and 2). Hence, the disparity between CHFR and its PBZ-mutated 
variant in the antephase checkpoint most probably reflects differ- 
ences in their PAR-related functions. 

Finally, a direct link between PAR metabolism and the antephase 
checkpoint was established by treating Ptk1 cells with the specific 
PARP inhibitor KU-0058948"°, We found that the PARP inhibitor 
compromised the ability of Ptkl cells to delay nudear envelope 
breakdown in response to microtubule poisons (Fig, 3¢ and 
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Figure 2 | Interactions of APLF and CHFR with PAR are mediated by the 
PBZ motif. a, Immunoprecipitation of Flag-tagged APLE and CHER from 
HEK293T extracts. Inputs (10%) and Flag- precipitates were blotted using 
PAR, APLE and CHFR antibodies. Ubi-CHER indicates ubiquitylated 
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Supplementary video 3). Instead, the majority of the treated cells 
continued into mitosis. These results show that inhibition of PAR 
synthesis compromises the antephase checkpoint, and demonstratea 
connection between the PAR-related functions of PBZ and its 
requirement for CHFR checkpoint regulation. 

In this work, we have defined a novel PAR-interaction motif pre- 
sent in a number of proteins associated with the DNA damage 
response and checkpoint regulation. Although two functionally equi- 
valent domains have previously been reported, this is the first 
example of a zinc-dependent motif implicated in PAR binding and 
poly(ADP-ribosyl)ation. Zinc fingers were originally identified as 
nucleic acid recognition elements’, but can also mediate protein— 
protein interactions*!. Owing to its chemical composition, PAR may 
be considered as the third type of nucleic acid’, a notion supported by 
the base stacking and hydrogen-bonding potential of its constituting 
ADP-ribose residues. Moreover, long PAR chains were postulated to 
adopt helical conformations, reminiscent of those found with DNA 
and RNA”, In light of this, the evolution of zinc-fingers into PAR- 
binding elements may seem a suitable consequence of diversification. 

The use of the PBZ motifis widespread amongst eukaryotes, and is 
particularly prominent in Dictyostelium discoideum (Supplementary 
Fig, 1), The absence of the motif in organisms lacking PARP meta- 
bolism (such as prokaryotes and yeasts) may suggest the co-evolution 
of this motif with PARPs. Importantly, all the PBZ motifs identified 
in this study were found in proteins potentially regulated by 
poly(ADP-ribosyl)ation. The majority are DNA damage response 
proteins, including several PARPs, PARP-related proteins, Ku, 
Chk2, RADI7, APLF, and proteins involved in single-strand break 
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CHER, b, Association of PAR with wild-type and PBZ-mutated Flag-tagged 
APLE. ¢, Co-localization of wild-type APLF and CHER proteins with PAR in 
HEK293T cells transfected with GFP-tagged APLF and CHER wild-type and 
mutant constructs. Scale bar, 10 um. 
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Figure 3 | Checkpoint functions, but not ubiquitylation, of CHFR are 
affected by PBZ mutations. a, Ptk1 cells expressing CFP-tagged 
CHFRAFHA (top panels) or CHFR*PBZAFHA (lower panels) were treated 
with 15 1M colcemid (0 min) and their behaviour was monitored by time- 
lapse DIC and fluorescence microscopy at 3-min intervals. Scale bar, 10 um. 
b, Quantification of the data from a. ¢, HeLa cells expressing wild-type or 
mutant CHER and untransfected cells were treated with colcemid and the 


and base-excision repair (for example, tyrosyl-DNA phosphodiester- 
ase, DNA ligase III and uracil DNA glycosylase). The modulation of 
DNA ligase III activity by PAR and interactions with poly(ADP- 
ribosyl)ated PARP1 have been described previously”. Similarly, Ku 
and PARPI form a complex, the properties of which are changed on 
its poly(ADP-ribosyl)ation™. 

Using CHER, we established the functional importance of the 
PBZ motif, demonstrating that specific PBZ-targeted mutations 
abrogate CHFR function in the antephase checkpoint and that treat- 
ment with a PARP inhibitor abolished this checkpoint in CHFR- 
proficient cells. Thus, PAR assumes a major role in modulating 
CHER activity, and consequently in regulation of the antephase 
checkpoint in response to microtubule poisons. The physiological 
importance of the PBZ motif is further supported by observations 
that APLE localizes at sites of DNA damage, bya mechanism depend- 
ent on the region of APLF containing the PBZ motif and on PAR 
synthesis", Given that APLF interacts directly with poly(ADP- 
ribosyl)ated PARP1, we propose that this association defines a role 
for APLF in DNA break repair. 


mitotic indices (+s.d., m = 3) were determined at two-hourly intervals. 

d, Auto-ubiquitylation of CHER does not impair PAR-binding. Wild-type 

and mutant CHER were ubiquitylated i vitro and analysed for PAR binding 
(upper panels) or by western blotting (lower panels). e, Analysis of Ptki cells 
pre-treated with the PARP inhibitor KU-0058948 (1 1M), or PBS for 1h, and 
challenged with 15 uM colcemid. Their behaviour was monitored by time- 

lapse DIC. 


In general, PAR modifications regulate a dynamic network 
of intermolecular associations. It has been estimated that PARP1- 
associated PAR constitutes the major fraction of PAR within the 
cell, Consequently, automodified PARP1 is likely to attract proteins 
with PAR-binding motifs, the subsequent poly(ADP-ribosyl)ation of 
which may be a secondary effect that provides an additional level of 
regulation. This would be consistent with our results demonstrating 
efficient binding of PAR by APLF and CHER, and the ability of these 
proteins to be poly(ADP-ribosyl)ated by PARPI. Collectively, these 
data define a novel poly(ADP-ribose)-binding zinc finger and indi- 
cate a mechanism by which cells use modification-dependent inter- 
actions to orchestrate the assembly of regulatory pathways. 


METHODS SUMMARY 

All proteins were purified after expression in Escherichia coli. Modification by 
PARPI was carried out using a PARP activity assay kit (Trevigen). PAR binding 
‘was assessed in dot-blot assays and quantitated by Surface Plasmon Resonance 
using a BIACORE 3000. Off-rates were determined in the presence of 
PAR. Transient expression of Flag-tagged proteins in human embryonic 
kidney 293T cells allowed the co-immunoprecipitation of protein-PAR and 
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protein-protein complexes. Transiently expressed GFP-/CEP-tagged proteins 
and PAR-specific antibodies were used in immunofluoresence studies. CHFR 
checkpoints in Ptkl and Hela cells treated with colcemid were analysed by 
time-lapse differential interference contrast (DIC) and fluorescence microscopy. 
In vitro CHER auto-ubiquitylation was performed as described, Detailed 
experimental procedures are found in Supplementary Information and 
Methods. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Non-fermentative pathways for synthesis of 
branched-chain higher alcohols as biofuels 


Shota Atsumi?, Taizo Hanai’ & James C. Liao’* 


Global energy and environmental problems have stimulated 
increased efforts towards synthesizing biofuels from renewable 
resources'*, Compared to the traditional biofuel, ethanol, higher 
alcohols offer advantages as gasoline substitutes because of their 
higher energy density and lower hygroscopicity. In addition, 
branched-chain alcohols have higher octane numbers compared 
with their straight-chain counterparts. However, these alcohols 
cannot be synthesized economically using native organisms, Here 
we present a metabolic engineering approach using Escherichia 
coli to produce higher alcohols including isobutanol, 1-butanol, 
2-methyl-l-butanol, 3-methyl-l-butanol and 2-phenylethanol 
from glucose, a renewable carbon source, This strategy uses the 
host’s highly active amino acid biosynthetic pathway and diverts 
its 2-keto acid intermediates for alcohol synthesis. In particular, we 
haveachieved high-yield, high-specificity production of isobutanol 
from glucose. The strategy enables the exploration of biofuels 
beyond those naturally accumulated to high quantities in microbial 
fermentation. 

Ethanol is not an ideal fuel because it has‘a lower energy density 
than gasoline, and its hygroscopicity poses a problem for storage and 
distribution. Higher alcohols (C4 and C5), on the other hand, have 
energy densities closer to gasoline, are not hygroscopic, and are less 
volatile compared with ethanol, Except for I-butanol*#, none of the 
C4 and C5 alcohols has been produced from a renewable source in a 
yield high enough to be considered as a gasoline substitute. No 
microorganisms have been identified to produce, from glucose, 
higher alcohols such as isobutanol, 2-methyl-1-butanol or 3-methyl- 
1-butanol to industrially relevant quantities, although small amounts 
have been identified as microbial by-products**. 

Here, we devised a synthetic approach to produce the above- 
mentioned longer chain alcohols as next-generation biofuels. This 
strategy was implemented in E. coli, although other user friendly 
hosts such as Saccharomyces cerevisiae are readily applicable. These 
host organisms have fast growth rates and are facultative anaerobes, 
allowing for a flexible and economical process design for large-scale 
production", However, importing and the expression of non- 
native pathways may lead to metabolic imbalance, whereas the accu- 
mulation of the heterologous metabolites may cause cytotoxicity!", 
To achieve high productivity of the target foreign products, it is 
desirable to seek pathways that are compatible to the host. 
Therefore, we took advantage of the existing metabolic capability 
in E. coli and the broad substrate range of the last two steps in the 
Ehrlich pathway" for 2-keto acid degradation from other organisms. 

2-Keto acids are intermediates in amino acid biosynthesis path- 
ways. These metabolites can be converted to aldehydes by broad- 
substrate-range 2-keto-acid decarboxylases (KDCs) and then to 
alcohols byalcohol dehydrogenases (ADHs). Using thisstrategy, only 
two non-native steps were needed to produce biofuels by shunting 


intermediates from amino acid biosynthesis pathways to alcohol 
production (Fig. 1a). Amino acid biosynthesis pathways produce 
various 2-keto acids (Fig, 1b). In this work, six different 2-keto acids 
for alcohol production were used. The isoleucine biosynthesis path- 
way generates 2-ketobutyrate and 2-keto-3-methyl-valerate, which 
can be converted to 1-propanol and 2-methyl-1-butanol, respec 
tively, The valine biosynthesis pathway produces 2-keto-isovalerate, 
which is the precursor for isobutanol. The leucine biosynthesis path- 
‘way generates 2-keto-4-methyl-pentanoate, which is the substrate for 
3-methyl-1-butanol. The phenylalanine biosynthesis pathway pro- 
duces phenylpyruvate, which can lead to 2-phenylethanol, The nor- 
valine biosynthesis pathway, which is a side-reaction of the leucine 
biosynthesis, produces a substrate for 1-butanol, 2-ketovalerate, 

A critical enzyme in this alcohol production strategy is KDC, 
which iscommon in plants, yeasts and fungi but less so in bacteria’®. 
The aldehydes produced can then be converted to alcohols by an 
ADH, which is commonly found in many organisms. Some of the 
KDGs have broad substrate ranges, whereas others are more specific. 
To test the capability of the endogenous 2-keto acids asa substrate for 
KDCin E, coli, five KDCs (Pdc6 (ref. 16), Aro10 (ref. 17), Thi3 (ref. 5) 
from S. cerevisiae, Kivd from Lactococcus lactis'*, and Pde from 
Clostridium acetobutylicum) with alcohol dehydrogenase 2 (Adh2) 
of S. cerevisiae’? were overexpressed. E. coli cultures expressing these 
foreign genes were grown ina minimal media with 0.2 M glucose. Gas 
chromatography-mass spectrometry (GC-MS) analysis (Table 1) 
revealed that the strains expressing either Kivd or Arol0 produced 
all of the expected alcohols. S. cerevisiae Pdc6 and C. acetobutylicum 
Pde were not as versatile, whereas S. cerevisiae Thi3 did not have any 
expected activity. In all of these cases, aldehydes were detected only in 
trace amounts, indicating sufficient activity of Adh2. These results 
demonstrate that Kivd is the most active and versatile decarboxylase 
tested and, therefore, suited for our objectives. Furthermore, addi- 
tion of various 2-keto acids (Table 2) to the E. coli culture expressing 
Kivd confirmed the specific production of the corresponding alco- 
hols by 2- to 23-fold. The supply of 2-keto acids also decreased the 
production of the other alcohols markedly. These results indicate 
that increasing the flux to the 2-keto acids could improve both the 
productivity and specificity of production of the alcohols. 

The existing E. coli metabolic pathways were then genetically 
modified to increase the production of the specific 2-keto acid so 
that the desired alcohol could be produced. To produce isobutanol, 
the ilvIHCD genes under the control of the P,lacO, (ref. 20) pro- 
moter on a plasmid were overexpressed to enhance 2-ketoisovalerate 
biosynthesis (Fig. 1b). The amplified ilv pathway was then combined 
with the alcohol producing pathway (Kivd and Adh2) to achieve 
isobutanol production. As a result of the ilvIHCD overexpression, 
the strain produced 23 mM isobutanol, which is a ~5-fold increase 
over the strain without ilHCD overexpression (Fig. 2a and 
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Figure 1 | Production of higher alcohols through the synthetic non- 
fermentative pathways. a, Various 2-keto acid precursors lead to 
corresponding alcohols through 2-ketoacid decarboxylase and alcohol 
dehydrogenase. b, The synthetic networks for the non-fermentative alcohol 


Supplementary Table 3). These results demonstrate that the 
synthetic pathway was functional and capable of supplying the 
2-ketoisovalerate required for the efficient production of isobutanol. 
To increase further the isobutanol production, genes that contribute 
to by-product formation, including adhE, ldhA, frdAB, fur and pta, 
were deleted. These deletions could increase the level of pyruvate 
available for the ilvIHCD pathway. Indeed, this strain produced 
30mM isobutanol, indicating that these deletions were beneficial 
for isobutanol production. In addition, this strain converted glucose 
to isobutanol with a yield of 0.21 g of isobutanol per gram of glucose 
between 16h and 24h (Fig, 2a, right panel). 

To improve isobutanol production further, the alsS gene from 
Bacillus subtilis was used instead of ilvIH of E. coli. AlsS of B. subtilis 
has high affinity for pyruvate, whereas E. coli IlvIH has higher pre- 
ference for 2-ketobutyrate”', The strain with the alsS pathway pro- 
duced ~50mM of isobutanol, which is a ~1.7-fold increase over 
the strain using IIH (Supplementary Fig. 1). In addition, pflB was 


Table 1 | Alcohol production with KDC and ADH in E. coli 


LeuABCD 
|2-Keto-4-methyl-pentanoate| 


3-Methyl-1-butanol 


production in engineered E. coli. Red arrows represent the 2-keto add. 
decarboxylation and reduction pathway. Blue enzyme names represent 
amino acid biosynthesis pathways, The double ines represent a side pathway 
leading to norvaline and 1-butanol biosynthesis, 


deleted to decrease further the competition for pyruvate. The com- 
bined effects of these manipulations led to ~300mM (22g1"') of 
isobutanol under micro-aerobic conditions (Fig. 2b, left panel and 
Supplementary Fig. 2). In this experiment, 0.5% yeast extract was 
supplied in the medium to obtain higher cell density. As a control, 
this strain produced a negligible amount of isobutanol with 0.5% 
yeast extract without glucose (Supplementary Fig. 3). The yield 
reached 0.35 (g isobutanol per g glucose) between 40h and 112h 
(Fig, 2b, right panel), which is 86% of the theoretical maximum. 
This result demonstrates the potential of this strategy, as high-yield 
production was achieved even without detailed optimization of the 
pathways and production conditions. 

To demonstrate the generality of this approach, the same strategy 
was also applied to 1-butanol production. Some clostridial species pro- 
duce I-butanol during fermentative growth and many of the enzymes 
in this pathway are oxygen-sensitive and CoA-dependent®. We found 
that by overexpressing Kivd or Aro10 in E. coli, which does not have the 


Product (jM) KDC/plasnid 
Kivd/pSA5S ‘Aro10/pSA56 Pdc6/pSA49 ‘Thi3/pSAS7 Pc (C. acetobutylicum)/pSASB 

1-Propanol 520 290 125 ND ND 
Isobutanol 5,242 2,094 260 ND 75 
1-Butanol 220 95 ND ND ND 
2-Methyl-1-butanol 766 652 56 ND ND 
3-Methyl-1-butanol 1495 1,099 92 ND ND 
2-Phenylethanol 324 469 ND ND 175 


The strain was JCLI6 with various kdc genes and S. cerevisiae ADH2 expressed fram plasmids. Culture was grown in M9 medium with 02M glucose plus O.1mM IPTG at 30°C for 40h, These 
products were identified by GC-MS and quantified by GC-FID (see Methods). ND, not detectable. 
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Table 2 | Alcohol production with the supply of 2-keto acids 
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Product (uM) ‘2-Ketobutyrate 2-Keto-isovalerate 2Ketovalerate —2-Keto-3-methylvalerate -2-Keto-4-methyl-pentanoatz —_Phenylpyruvate 
1-Propanol 2,138 ND ND ND ND 8 
Isobutanol 98 10,016 ND ND ND 64 
1-Butanol 492 ND 3926 ND ND 23 
2-Methyl-1-butanol 1315 ND ND 5,284 ND ND 
3-Methyl-4-butanol ND ND 52 ND 3,756 105 
2-Phenylethanol 26 109 66 ND ND 7269 
Strains and culture conditions are the same as described in Table 1 A total of 8 g!"" of 2-keto acids was added, except for 2-Letovalerate, where 1gI”' was added because ofits taxéity. ND, not 
detectable, 
1-butanol fermentative pathway, the cell produced a small amount of 
1-butanol (Table 1) from glucose in a non-fermentative growth, indi- 
Beroorieot cating the existence of a corresponding 2-keto acid precursor, 2- 
a = theoreticalyield ~— _-_ketovalerate. Unfortunately, 2-ketovalerate is not a common metabo- 
Z 30 36% 51% | 2  litein E. coli. To increase the amount of synthesized 2-ketovalerate, we 
= 02% — tookadvantage of the broad substrate specificity of the kewABCD path- 
g? Bway, the natural substrate of which is 2-ketoisovalerate (Fig. 1b). By 
2 10 O18 using a smaller substrate, 2-ketobutyrate, which has one less methyl 
2 i i group than 2-ketoisovalerate (Fig. 1a), we attempted to synthesize 
2-ketovalerate in a manner similar to the steps used in leucine 
it 16 24 ee 24 16 Pe 16 24 O16 16-24 & i . j 
table + biosynthesis”, 2-Ketobutyrate can be generated from t-threonine by 
ea : : € the threonine dehydratase, encoded by the ilvA gene’, or from 
Peioanteget an alternative pathway identified in Leptospira interrogans and 
maximum Methanocaldococcus jannaschit. In the latter pathway, 2-ketobutyrate 
‘theoretical yield 7 H 8 oS 
b sac is generated from citramalate by the enzymes isopropylmalate isomer- 
86% + 
3 ase (LeuCD) and B-isoproy alate dehydrogenase (Let ee 
z s (LeuCD) and B-isopropyimalate dehydrogenase (LeuB)”. 
& 200 ee ‘Therefore, to produce 1-butanol, the operon encoding the ilvA~ 
§ 3 IeuABCD pathway under the control of P,lacO1 (ref, 20) was con- 
2 100 ie structed, It was found that the strain with the ilvA-leuABCD pathway 
2 O4 € produced 0.6mM 1-butanol, which is a ~3-fold increase compared. 
a og with the strain without overexpression of this pathway (Fig. 2c and 
aime, 24 40112 an 8 Supplementary Table 4). When the media was supplemented with 
yes 2 & : 8gl | L-threonine, a marked increase of 1-butanol production to 
+ 4 + + 
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Figure 2 | Summary of results forisobutanol and t-butanol production in E. 
coli. The cells were grown in M9 medium containing 36 gl” glucose in 
shake flasks at 30°C with or without other nutrients indicated, and induced 
with 0.1 mM IPTG. Overexpressed genes and nutrient supplementation are 
indicated below the axis. Error bars indicate s.d. a, Left panel, isobutanol 
production; right pand, isobutanol yield per g of glucose. The theoretical 
maximum yield of isobutanol is 0.41 gg. Knockout, Aadh, Aldh, Afrd, 
Afnr and Apta. b, Isobutanol production with B. subtilis alsS and yeast 
extract (5gl” ') supplementation to increase cell density. The host is JCL260. 
Detailed results are shown in Supplementary Fig. 2. c, d, Left panel, 
1-butanol production; right panel, 1-propanol production in the same 
strain, The host strain is JCL16, with or without AilvD. t-Threonine, 
L-threonine (8 gI-') supplementation. 


3.2mM was observed, suggesting that 2-ketovalerate could be pro- 
duced from 1-threonine by means of an IlvA-mediated reaction 
(Fig. 2d). 

To improve 1-butanol production further, the ilvD gene was 
deleted. This gene encodes dihydroxy-acid dehydratase”*, an enzyme 
that produces both 2-ketoisovalerate (a precursor for leucine and 
valine) and 2-keto-3-methyl-valerate (a precursor for isoleucine). 
This deletion could be beneficial for two reasons, First, the deletion 
of ilvD eliminates the native substrate, 2-ketoisovalerate, for the 
IeuABCD pathway, thus reducing inhibition by the competitive sub- 
strate. Second, the deletion of ilvD eliminates competing substrates 
for Kivd: 2-keto-3-methyl-valerate and 2-keto-4-methyl-pentanoate. 
‘As expected, deletion of ilvD improved 1-butanol production 
(Fig, 2d). 

Because strains of E. coli that hyperproduce t-threonine have been 
developed” for commercial production, it would be straightforward 
to modify a threonine producing strain with the above strategy for 
1-butanol production. For further improvement, it would be neces- 
sary to increase the activity of the lewABCD pathway towards the 
non-native substrate, 2-ketobutyrate, and to raise the specificity of 
Kivd for 2-ketovalerate. Because 2-ketobutyrate is also the substrate 
for 1-propanol (Fig. 1b), increasing 2-ketobutyrate availability also 
enhances the production of 1-propanol (Fig. 2c, d, right). Therefore, 
increasing the LeuABCD activity and the specificity of KDC would be 
crucial for high-efficiency 1-butanol production. 

Non-native hosts such as E, coli lack tolerance to high alcohols. 
Isobutanol is slightly less toxic to microorganisms than 1-butanol. 
The native 1-butanol producers can tolerate concentrations of 
1-butanol up to about 2% (w/v) (ref. 1). To show the potential for 
improving tolerance, we conducted serial transfer of cultures to 
enrich for isobutanol-tolerant strains. We found that a wild-type E. 
colistrain (JCL16) was inhibited by 1.5% (w/v) isobutanol. However, 
after only five rounds of culture transfer with increasing isobutanol 
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concentrations, mutants were found to grow in the presence of 2% 
(w/v) isobutanol (Supplementary Fig. 4). This level of solvent tole- 
rance is comparable or better than native producers of 1-butanol’, 
suggesting that E. coli can adapt to high concentrations of long-chain 
alcohols. Other strategies such as global transcription machinery 
engineering can be used for further improvement of tolerance”. 

The strategy described above opens up an unexplored frontier for 
biofuels production, both in E. coli and in other microorganisms. 
This strategy takes advantage of the well-developed amino acid pro- 
duction technology, and channels the amino acid intermediates to 
the 2-keto acid degradation pathway for alcohol production. The 
strategy avoids CoA-mediated chemistry, which is commonly used 
in alcohol production in native organisms, and enables the synthesis 
of other higher and complex alcohols on large scales. Specific stra- 
tegies for producing other alcohols can be readily devised based on 
the synthetic pathways and metabolic physiology. These strategies 
can also be implemented in yeast or other industrial microorganisms. 
In the case of isobutanol production, the complete pathway is CoA- 
independent and requires only pyruvate as a precursor. This feature 
avoids the mitochondria compartmentalization issue of acetyl-CoA. 
when implementing the strategy in yeast. 


METHODS SUMMARY 

Strains and plasmids, The JCL16 strain is BW25113 (rrnBrig AlacZwrs hsdR514 
AaraBADyss33 ArhaBADp7s) with F’ transduced from XL-1 blue to supply lacl4 
JCL88 is JCL16 with Aadh, Aldh, Afrd, Afnrand Apta, JCL260 is the same as 
JCL88 butwith Apf1B.A list of thestrains usedis given in Supplementary Table 1. 
Construction of plasmids is described in Methods, and the primers used are 
listed in Supplementary Table 2. 

Medium and cultivation. Unless stated otherwise, M9 medium containing 
0.2M glucose and 1,000th dilution of Trace Metal Mix AS (2.86g H;BOs, 
1.81g MnCl)-4H,0, 0.222g ZnSO,*7HO, 0.39g Na;MoO,-2H,0, 0.079g 
CuS0,°5HO, 494mg Co(NOs),"6H,O per litre water) was used for cell 
growth. Ampicillin (100 gml”') and kanamycin (30 jig ml!) were added as 
appropriate, 1-Valine (35 ygml™), L-isoleucine (39.5 ygml7) and t-leucine 
(39.5 ug ml”) were used to culture strains with AilvD, Pre-culture in test tubes 
containing 3 ml of medium was performed at 37 °C overnight ona rotary shaker 
(250r.p.m.). Overnight culture was diluted 1:100 into 20 ml of fresh medium ina 
250-ml conical flask. For Fig. 2b, 250-ml screw-cap conical flasks wereused, Cells 
were grown to an optical density at 600nm of 0.8 at 37°C, followed by adding 
0.1mM_ isopropyl-B-p-thiogalactoside (IPTG). For 1-butanol production 
(Fig, 2c, d), 8 gI-' L-threonine was added together with IPTG. Cultivation was 
performed at 30 °C on a rotary shaker (250 1r,p.m.), Gas chromatography-mass 
spectrometry (GC-MS) and gas chromatography-flame ionization detector 
(GC-FID) analyses are described in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Distinct domains of tRNA synthetase recognize the 


same base pair 


Kirk Beebe’*, Marissa Mock’*, Eve Merriman! & Paul Schimmel’ 


Synthesis of proteins containing errors (mistranslation) is pre- 
vented by aminoacyl transfer RNA synthetases through their 
accurate aminoacylation of cognate tRNAs and their ability to 
correct occasional errors of aminoacylation by editing reactions'*. 
A principal source of mistranslation comes from mistaking glycine 
or serine for alanine, which can lead to serious cell and animal 
pathologies, including neurodegeneration’. A single specific GeU 
base pair (G3*U70) marks a tRNA for aminoacylation by alanyl- 
tRNA synthetase*”. Mistranslation occurs when glycine or serine 
isjoined to the G3+U70-containing tRNAs, and isprevented by the 
editing activity that clears the mischarged amino acid, Previously 
it was assumed that the specificity for recognition of tRNA“"* for 
editing was provided by the same structural determinants as used 
for aminoacylation. Here we show that the editing site of alanyl- 
tRNA synthetase, as an artificial recombinant fragment, targets 
mischarged tRNA“" using a structural motif unrelated to that 
for aminoacylation so that, remarkably, two motifs (one for ami- 
noacylation and one for editing) in the same enzyme indepen- 
dently can provide determinants for tRNA“"* recognition. The 
structural motif for editing is also found naturally in genome- 
encoded protein fragments that are widely distributed in evolu- 
tion’, These also recognize mischarged tRNA“. Thus, through 
evolution, three different complexes with the same tRNA can 
guard against mistaking glycine or serine for alanine. 

Mistranslation results from insertion of amino acids at wrong 
codons'**, Aminoacyl-tRNA synthetases (aaRSs) provide the main 
mechanism for production of mischarged tRNAs, These enzymes 
catalyse attachment of amino acids in a two-step reaction: 


aa + ATP + aaRS—> aaRS(aa-AMP) + PP; (1) 


aaRS(aa~AMP) +tRNA—>aa-tRNA+AMP+aaRS (2) 


where the amino acid (aa) is condensed with ATP to form a tightly 
bound aminoacyl adenylate and PP; is released (equation (1)). The 
activated aminoacyl group is then transferred from the adenylate to 
the 3'-end of the tRNA to form aa-tRNA with liberation of AMP and 
regeneration of enzyme (equation (2)). However, some aaRSs make 
errors during the amino acid activation step owing to the inherent 
physiochemical limitations on closely discriminating similar amino 
acid side chains'?, An example is alany+-tRNA synthetase (AlaRS), 
which misactivates Gly and Ser to yield Gly-tRNA“* and Ser— 
tRNA*®, respectively. These errors are cleared by a second active 
site, which is specifically designed for hydrolytic editing: 


Ser-tRNA*#—s Ser + tRNA" or Gly-tRNA“"— Gly + tRNA“!(3) 


‘Thus, this special activity prevents mistranslation. 


Figure 1a schematically illustrates the design of Escherichia coli 
AlaRS (encoded by alaS)'’, a polypeptide consisting of 875 amino 
acids. The amino-terminal 461 amino acids encode the catalytic 
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Figure 1 | Domains of AlaRS and AlaXp and deacylation activity of selected 
fragments. a, Domains of E, coli AlaRS and typeland II AlaXps. Thedomain 
for amino acid activation and G3+U70 tRNA“ recognition is red (vertical 
bars show determinants for acceptor stem and G3+U70 recognition). The 
editing domain is violet and the C domain is blue (with the highly conserved 
portion in dark blue), b, Constructs used in this study. ¢, Deacylation of 
Ser-tRNA*™ by wild-type AlaRS (circles), £. coli AlaRS(438-875) (upright 
triangles), E, coli AlaRS(438~730) (squares) or ano-enzyme control (inverted 
triangles), Inset, specific deacylation of Ser-tRNA*™ (squares) and 
AlatRNA*# (triangles) by 2,000% the concentration of AlaRS( 438-730), or 
a no-enzyme control (circles). Data shown represent a typical experiment, 
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domain for aminoacylation, which is strictly dependent on a G3+U70 
base pair in the acceptor stem of tRNA“! for aminoacylation™. 
The G3+U70-dependent recognition of tRNA“! is conserved from 
bacteria to humans and is so robust that transfer of G3*U70 into a 
non-alanine tRNA can be sufficient to confer aminoacylation with 
alanine. The three-dimensional structure of the aminoacylation 
domain of Aquifec aeolicus AlaRS? corresponds essentially to the 
N-terminal 461-amino-acid fragment of E. coli AlaRS (AlaRS(1— 
461)). This fragment is sufficient for aminoacylation in vitro and 
in vivo'’, and the determinants (marked in Fig. 1a) for specific 
(G3eU70-dependent) recognition of tRNA“* include Asp235, 
Asp 285, Arg314 and Ala 409 and are embedded in the structural 
format of a class II tRNA synthetase with its seven-stranded 
f-structure and flanking o.-helices?!”"*. 

For class IItRNA synthetases such as ThrRS (encoded by thrS) and 
AlaRS, a special insertion or fusion provides the centre for edit- 
ing”, For E. coli AlaRS, this editing centre is encoded by the region 
from 553-705 (Fig, 1a). Mild editing defects, arising from mutations 
in the germ line, can be vertically transmitted in the population. 
Indeed, a minor defect (twofold) in the hydrolytic editing activity 
of AlaRS leads to heritable ataxia in the mouse’. This ataxia is caused 
by neuronal degeneration of Purkinje cells in the cerebellum, assoc- 
iated with mistranslation-induced triggering of the unfolded protein 
response. The extreme sensitivity of cells (from bacteria'*4""? to 
mammals**) to editing defects provides a straightforward rationale 
for why the editing domain of AlaRS is conserved through evolution. 
This domain is believed to have been present in the last common 
ancestor of the tree of life that split into the three great domains: 
‘Archaea, Bacteria and Eukarya’™, 

Genome-encoded, active free-standing fragments homologous to 
editing domains of tRNA synthetases, including AlaRS, are widely 
distributed innature"*", The domains that most closely resemble the 
editing domain of AlaRS are referred to as AlaXps, and we classify 
them into two different typeson the basis of sequence (Fig. la). Type I 
AlaXps have the core editing domain and a modest amount of 
flanking sequence. Type II AlaXps have all of the sequence of type I 
AlaXps, but in addition have an extended carboxy domain much like 
that found in AlaRSs. Because in our preliminary work several type II 
AlaXps were active for editing in catalytic amounts, we considered 
the possibility that the active site for aminoacylation was not needed 
for capture of mischarged tRNA. Instead, we reasoned that simple 
fusion of the type II AlaXp-like piece was a straightforward way to 
provide an editing function for AlaRS. Not clear was how either the 
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type I or the type II AlaXps recognized mischarged tRNA*" and, 
furthermore, whether that recognition mechanism was also used by 
the editing site of AlaRS. 

To separate out the functional components of AlaRS required for 
editing and tRNA recognition, deletion mutants lacking the catalytic 
site for aminoacylation were created. The design of these mutants 
was roughly based on the sequences of AlaXps, either type I (E, coli 
AlaRS(438-730)) or type II (E. coli AlaRS(438-875)) (see Fig. 1b). 
Because the natural AlaXp fragments deacylate misacylated tRNA*", 
deletions based on their sequences provided a logical framework for 
construction of deletions in AlaRS. 

Both E, coli AlaRS(438-730) (homologous to type I AlaXp) and 
E.coli AlaRS(438-875) (homologous to type II AlaXp) were tested 
for their ability to deacylate Ser-tRNA**. Whereas E. coli AlaRS 
(438-875) was fully active for clearance of SertRNA**, B. coli 
AlaRS (438-730) was inactive (Fig. 1c). Using the nitrocellulose filter 
RNA-binding assay", we demonstrated that the inactivity of E. coli 
AlaRS(438-730) correlated with a lack of binding of t2NA“" (Sup- 
plementary Fig. 1). However, at much higher concentrations, E, coli 
AlaRS(438-730) was capable of specifically deacylating misacylated 
tRNA*" (Fig. 1c, inset). Thus, the catalytic site for editing was not 
disrupied in E. coli AlaRS(438-730); instead, the reduction in editing 
activity resulted from a loss of affinity for tRNA. 

Still unclear was whether fragment B. coli AlaRS(438-875), which 
lacks the G+U-specific determinants of the aminoacylation domain, 
would be specific for tNA™*. Although E. coli AlaRS(438-875) cleared 
mischarged tRNA“ with robust activity, it failed to deacylate Ser— 
tRNA™ (Fig. 2a), mirroring the specificity observed with isolated 
type I AlaXp and full-length AlaRS'”. Because E, coli AlaRS(438-875) 
deacylated diverse chimaeric tRNAs that had the acceptor stem of 
tRNA“* but in which the rest of the sequence was swapped for a dif- 
ferent RNA sequence (Supplementary Fig. 2a, b), the specificity of 
E, coli AlaRS(438-875) must be governed by the acceptor stem of 
tRNA**, As shown in Fig. Ic (inset), high concentrations of E. coli 
AlaRS (438-730) deacylated Ser-tRNA**; however, the same or higher 
concentrations of this fragment failed to deacylateSer-tRNA™ (Fig. 2a). 

Thus, specific determinants for the recognition of tXNA"* are 
embedded in E, coli AlaRS(438-730). These determinants are inher- 
ent to the core editing domain and are, presumably, shared with 
both type I and Il AlaXps, which deacylate misacylated tRNAs with 
high efficiency'** (KB. and P.S., unpublished), Separate from 
these specificity determinants are extra C-terminal non-specific 
RNA-binding elements between amino acids 730 and 875 of 
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Figure 2 | AlaRS and its fragments are specific for RNA*" and influenced 
by the G3-U70 base pair. a, Deacylation of Ser-tRNA™ with ThrRS 
(diamonds), E. coli AlaRS(438-875) (circles), M. mazei AlaXp (a typeI 
AlaXp) (inverted triangles), 2,500X concentration of E. coli AlaRS(438-730) 
(upright triangles) or a no-enzyme control (squares). b, Installing the 
G3*U70 base pair into tRNA™ (t{RNA™¢sy79) triggers recognition by E, 
coli AlaRS(438-875) (squares) and type I M. mazei AlaXp (triangles). A no- 
enzyme control is shown above (inverted triangles). Inset, control showing 
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lack of deacylation of Ser-tRNA™ by E. coli AlaRS(438-875) (triangles) and 
type I M. mazei AlaXp (circles). ¢, Perturbation of a conserved ‘RR’ motif 
leads to loss in G3+U70 selectivity. Deacylation activity of E. coli 
AlaRS(438-875) (triangles), E. coli R693K AlaRS(438-875) (diamonds), ora 
no-enzyme control (squares) towards Ser-tRNA™", Inset, deacylation of 
Ser-tRNA*" by E, coli AlaRS(438-875) (triangles), E, coli R693K 
AlaRS(438-875) (inverted triangles) or ano-enzyme control (squares). Data 
shown represent a typical experiment. 
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Figure 3 | Multiple checkpoints of tRNA“" recognition for prevention of 
mistranslation. The first checkpoint occurs in the N-terminal domain in 
recognition of tRNA“" and discrimination of alanine versus serine (or 
glycine)", The result is the occasional production of Ser-tRNA*" (refs 1, 3, 
14). This minor product is then recognized in atRNA*".dependent manner 
and cleared by a second checkpoint (the editing domain). Finally, any 
residual Ser-tRNA*™ that remains can be cleared by a third checkpoint 
(AlaXp) that also recognizes RNA". The net effect is that the quantity of 
misacylated tRNA“ is reduced, and mistranslation from confusing serineor 
slycine for alanine is prevented, 


AlaRS(438-875) (Fig. 1c and Supplementary Fig. 1). To compensate 
for lacking the extra RNA-binding determinants of the C domain of 
AlaRSs and type II AlaXps, type I AlaXps have adapted the core 
editing domain with basic residues to interact more strongly with 
tRNA** (refs 25, 26 and Supplementary Fig. 3a, b), In the case of the 
C domain of AlaRSs and type II AlaXps, we showed in separate 
experiments that theneeded tRNA interaction energy is further loca- 
lized to non-specific RNA-binding determinants located in the 
region between amino acids 808 and 875 (Supplementary Fig. 4). 

To investigate further the specificity of the newly found determi- 
nants for tRNA recognition in the region outside the domain for 
aminoacylation, we installed the G3+U70 base pair into Ser. 
tRNA™ to produce SertRNA™g3.u70 Even though B. coli 
AlaRS(438-875) and the Methanosarcina mazeii type | AlaXp lack 
the aminoacylation domain of AlaRS, both deacylated Ser- 
tRNA™g;.u70 suggesting that they recognize tRNA for deacylation 
based, at least in part, on a G3*U70 base pair (Fig. 2b). At the same 
concentration of enzyme used to deacylate Ser-tRNA™gsuz0, these 
enzymes failed to significantly deacylate Ser-tRNA™ (Fig. 2b, inset). 
A region important for t2NA-specificity was further localized to a 
predicted strand-loop-strand motif within E. coli AlaRS(438-875). 
In particular, Arg693 in the strand-loop-strand motif is highly 
conserved between AlaRSs and AlaXps and, on the basis of existing 
structural information, can be modelled to be close to the 3*70 base 
pair of tRNA“ (Supplementary Fig. 5)°*, Notably, mutant R693K 
E. coli AlaRS(438-875) had relaxed specificity for tRNA™, and 
deacylated Ser-tRNA™ (Fig. 2c). Thus, the E. coli AlaRS editing 
domain and M. mazei type I AlaXp share a second, independent 
way to recognize tRNA“#, 

This work shows that AlaRS contains two protein motifs for spe- 
cific recognition of tRNA“: one well-studied set of amino acids in 
the aminoacylation domain'®* and a second, unrelated, structural 
motif within the editing domain between residues 680 and 699 
(Fig. 3). Notably, the data in Figs 1c and 2 show that each of these 
motifs can recognize tRNA“ in the absence of the other. The 
need for two distinct motifs for recognition of tRNA“"* in the same 
tRNA synthetase can be rationalized from the severe neurodegenera- 
tion in the mouse resulting from even a mild level of mistranslation, 
in which both glycine and serine were confused for alanine®. In addi- 
tion to the two tRNA“ recognition elements imbedded within 
AlaRS (Fig. 3), in many organisms (including the mouse) a third 
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mechanism for capture of tRNA“ is provided by genome-encoded 
AlaXp fragments (Fig. 3). Even though type I AlaXps lack the 
N-terminal-specific tNA-binding elements of AlaRSs, we showed 
herean example from M. mazei that specifically recognized tRNA*". 
Mouse AlaXp (also known as Aarsd1) also deacylated misacylated 
tRNA** (Supplementary Fig. 6; K.B. and P.S, unpublished). How- 
ever, we could detect no complex (by pull-down assays) between 
mouse AlaXp and mouse AlaRS (Aars) (as reported for E. coli 
ProRS, and the Haemophilus influenzae free-standing editing frag- 
ment YbaK"), consistent with AlaXp working in isolation in the 
mouse. It is of interest to determine whether multiple checkpoints 
guarding against mistranslation are operative through other tRNAs, 
such as the occasional confusion of serine for threonine that comes 
from mischarging of tRNA™™ by ThrRS, which has an AlaRS-like 
editing domain for clearing serine from tRNA™. 


METHODS SUMMARY 

Preparation of materials, Constructs described were prepared by PCR of the 
targeted sequence and cloning of the PCR product. Recombinant protein was 
produced by E. coli overexpression and Ni-NTA purification, The concentration 
of purified proteins was determined by Bradford assay. Transfer RNA was pro- 
duced by either in vivo overexpression” or in vitro transcription®*, Correctly 
acylated tRNAs were produced by extraction and size exclusion purification of 
a mixture containing tritiated cognate amino acid, aaRS and the purified tRNA. 
‘AnaaRS bearingamutationin the editing site was used for producingincorrectly 
acylated tRNA. The quantity of acylated tRNA was determined by Az59. 
Deacylation assays. Assays were performed at 25°C (pH 7.5) with assay buffer 
(50mM HEPES (pH 7.5), 20mM KCl, 2mM DTT and 10mM MgCl.) in 96-well 
plates as described”, Enzyme dilution buffer was added instead of enzyme to 
determine background hydrolysis. To determine 100% product (and therefore 
percentage of aa-tRNA remaining), NaOH (20-50 mM) was added to the reac- 
tion to liberate all aa from the tRNA during the time course. 

‘The enzyme concentration in Fig. 1c was 10M (inset, 20 iM). For Fig, 2a, 
10 nM was used forall enzymes except E, coliAlaRS(438-730) (25 uM). Theassay 
in Fig, 2b used 200M (inset, same concentration). Finally, for the assay in 
Fig, 2c, 625 nM was used (inset, same concentration). Each enzyme activity 
towards each substrate was independently verified a minimum of three times 
(the exception being the ThrRS positive control in Fig. 2a). 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Structure of a tyrosyl-tRNA synthetase splicing 
factor bound to a group | intron RNA 


Paul J. Paukstelis', Jui-Hui Chen’, Elaine Chase”, Alan M. Lambowitz'* & Barbara L. Golden?* 


The ‘RNA world’ hypothesis holds that during evolution the struc- 
tural and enzymatic functions initially served by RNA were 
assumed by proteins, leading to the latter’s domination of bio- 
logical catalysis. This progression can still be seen in modern bio- 
logy, where ribozymes, such as the ribosome and RNase P, have 
evolved into protein-dependent RNA catalysts (‘RNPzymes’). 
Similarly, group I introns use RNA-catalysed splicing reactions, 
but many function as RNPzymes bound to proteins that stabilize 
their catalytically active RNA structure’. One such protein, the 
Neurospora crassa mitochondrial tyrosyl-tRNA synthetase 
(TyrRS; CYT-18), is bifunctional and both aminoacylates mito- 
chondrial tRNA™ and promotes the splicing of mitochondrial 
group I introns*, Here we determine a 4.5-A co-crystal structure 
of the Twort orf142-I2 group I intron ribozyme bound to splicing- 
active, carboxy-terminally truncated CYT-18. The structure shows 
that the group I intron binds across thetwo subunits of the homo- 
dimeric protein with a newly evolved RNA-binding surface dis- 
tinct from that which binds tRNA". This RNA binding surface 
provides an extended scaffold for the phosphodiester backbone of 
the conserved catalytic core of the intron RNA, allowing the pro- 
tein to promote the splicing of a wide variety of group I introns. 
The group! intron-binding surface includes three small insertions 
and additional structural adaptations relative to non-splicing bac- 
terial TyrRSs, indicating a multistep adaptation for splicing func- 
tion. The co-crystal structure provides insight into how CYT-18 
promotes group I intron splicing, how it evolved to have this 
function, and how proteins could have incrementally replaced 
RNA structures during the transition from an RNA world to an 
RNP world. 

The group I intron catalytic core has a conserved three- 
dimensional structure consisting of two extended RNA domains, 
P4—P6 and P3-P9, which interact to form the intron’s active site 
(Fig. 1a, b)*7. This active site aligns the splice sites and guanosine 
substrate and uses specifically bound Mg?” ions to catalyse splicing 
by means of guanosine-initiated transesterification reactions. 
CYT-18 recognizes highly conserved secondary and tertiary 
structural features of the catalytic core of the intron RNA and is 
unique among group I intron splicing factors in being able to 
promote the splicing of various group | introns provided that the 
catalytic core is accessible**', CYT-18 and homologous bacterial 
TyrRSs consist of a nucleotide-binding-fold domain followed by 
a-helical and C-terminal domains, and they function as homodi- 
mers, with the nucleotide-binding fold of one subunit binding the 
acceptor stem of the tRNA, and the o-helical and C-terminal 
domains of the other subunit binding the anticodon and variable 
arms of the tRNA*!*"*, However, only the N. crassa mitochondrial 
TyrRS and that of the closely related fungus Podospora anserina 
have been found to function in group I intron splicing, suggesting 


that adaptation of the conserved structure is required for splicing 
activity'?"*, 

We recently determined a crystal structure of CYT-18/A424-669, 
which lacks the flexibly attached C-terminal domain but still pro- 
motes the splicing of most group I introns'?. Models based on this 
structure combined with biochemical data suggested that the protein 
does not recognize tRNA-like features of the intron as such, but uses 
instead a distinct RNA-binding surface that includes an o.-helical 
amino-terminal extension (HO) and two other small insertions 
(Insl and Ins2), which are absent from non-splicing bacterial 
TyrRSs"2 

Here we determine by molecular replacement a co-crystal struc- 
ture of CYT-18/A424—669 bound to the bacteriophage Twort orf142- 
12 group I ribozyme, using data extending to 4.5 A resolution. At this 
resolution, interacting regions of the protein and RNA are clearly 
discernible, but local conformational changes could go undetected 
(Eig. 1aand Supplementary Fig. 1). Theasymmetric unit is composed 
of four nearly identical complexes related by non-crystallographic 
symmetry, which significantly improves the parameter-to- 
observation ratio (Supplementary Table 1). Except for RNA regions 


Figure 1 | Co-crystal structure of the Twort orf142-12 group | intron 
ribozyme bound to CYT-18/A424~669. a, Ribbon diagram. CYT-18 
subunits A andB are coloured magenta andviolet, respectively, and CYT-18- 
specific insertions H0, Insl and Ins? are coloured cyan. b, Secondary 
structure of the Twort orfl42-I2 intron ribozyme showing nucleotide 
residues within 4 A of the protein in the co-crystal structure (circled). Boxed 
nucleotide residues correspond to phosphodiester-backbone positions 
protected by full-length CYT-18 in the N. crassa NDI intron'"*. Protections 
in P3, P5 and P8, which are not seen in the co-crystal structure, are 
attributable to the C-terminal domain of CYT-18, which is absent from CYT- 
18/A424-669 (see Fig. 3)". 
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Figure 2 | CYT-18 binding to theP4-P6 domain. a, CYT-18binds the length 
of the P4-P6 domain, with the CYT-18-specific insertions (cyan) 

contributing to the formation of binding pockets or different regions. CYT- 
18s drawn asa surface model, with subunits A and B coloured magenta and 
violet, respectively. b, ¢, Putative contacts between CYT-18 and the P4-P6 


involved in crystal contacts or not previously visible, the protein and 
RNA structures in the complex deviate little from those for the 
unbound molecules (root mean squared deviations 0,909 and 
0.996 A for Co: atoms of the two protein subunits, and 1.56 A for 
the RNA; Supplementary Fig. 2). Because the individual RNA and 
protein structures were determined at significantly higher resolu- 
tion”? and seem largely unchanged on binding, the data yield a 
pseudo-atomic model of the complex. Functional binding of CYT- 
18/A424-669 to the Twort ribozyme is indicated by a 17-fold 
increased k.q, for RNA substrate cleavage under single-turnover con- 
ditions in reaction medium containing a low (1 mM) Mg”* concen- 
tration (from 0.015 to 0.26 min™'; not shown). Further, the crystal 
structure is supported by large amounts of biochemical data iden- 
tifying RNA-protein interaction sites (Supplementary Table 3), 
induding distance restraints determined by site-directed hydroxyl 
radical cleavage of the RNA from 11 different amino-acid positions’ 
(Supplementary Fig. 3). 

‘The structure shows that the Twort RNA binds across the two 
CYT-18 subunits (denoted A and B), with the protein contacting 
both the P4-P6 and P3-P9 domains of the catalytic core of the intron 
but not peripheral RNA structures. The intron RNA-binding surface 
is electropositive'? but does not overlap that which binds t2NA™™ 
(Supplementary Fig. 4). Overall, the RNA-protein interface excludes 
1,721 A? of solvent-accessible surface area, with most being due to 
subunit B interactions (1,568 A?)'5, 

The P4-P6 domain of group I introns is a rod-like structure 
formed by the stacking of the P4 and P6 helices (Fig. 2). Previous 
biochemical studies indicated that CYT-18 interacts extensively with 
the P4-P6 domain and promotes its assembly in part by helping to 
establish the correct geometry around the P4~P6 helical junction”, 
‘Thestructure shows that CYT-18 bindsalong one face of the coaxially 
stacked P4—P6 helices, with the insertions unique to splicing- 
competent mitochondrial TyrRSs helping to create RNA-binding 
pockets (Fig. 2 and Supplementary Fig. 5). The protein binds to 
the P4-P6 domain as follows: first, in the minor groove at the P4— 
P6 junction; second, below the P4-P6 junction with Ins1-B jutting 
into the major groove of P6 and P6a; and third, above the P4-P6 
junction in the minor groove of P5a. Notably, the P4-P6 junction 
binds in a pocket formed from B-strand D and helix 5 of subunit B, 
and P5a binds in the same pocket of subunit A (Fig. 2 and Supple- 
mentary Fig. 5a). Collectively, these interactions form a clamp that 
may stabilize the correct conformation of the P4~P6 stacked helices. 

In addition to contacting the P4-P6 domain, biochemical studies 
indicated that CYT-18 also contacts the P3-P9 domain to stabilize 


domain. The surfaces of protein atoms within 4A of the RNA are coloured 
red, atoms within 4-5 A yellow, atoms within 5-10 A peach, and atoms 
farther away than 10 A orange. The views in b and ¢ are rotated by 90° 
around the vertical axis. 


the two domains in the correct relative orientation to form the 
intron’s active site''"*". The relative orientation of the P4-P6 and 
P3~P9 domains in group [introns is determined principally by four 
tertiary interactions: the J3/4 and J6/7 nucleotide triples in the minor 
groove of P6 and major groove of P4, respectively; docking of P3 in 
the minor groove of J6/6a; and the L9-P5 tetraloop-receptor 
interaction*”. Strikingly, the structure shows that CYT-18 binds in 
a position to promote and/or stabilize all of these interactions, again 
with key roles for the CYT-18-specific insertions (Fig. 3). 

‘TheJ3/4 junction regionis seen in the structure to interact with the 
N-terminal extension HO-B and Ins1-B of CYT-18 (Fig. 3). Tyr 41-B 
is found between U48 and U49, potentially inducing a kink that 
forces J3/4 into the P6 minor groove for triple formation 
(Supplementary Fig. 6a), in agreement with previous findings that 
CYT-18 promotes the J3/4 nucleotide triple interaction™**. 

In J6/7, the first two nucleotides (G117 and C118) form 
major-groove triples with the first two base pairs of P4, and the last 


Figure 3 | CYT-18-specific insertions bridge the P4=P6 and P3=P9 
domains. RNA and protein are coloured as in Fig. 1. The nucleophilic 
guanosine residue (@G) bound at P7 is shown in orange. Spheres show 
backbone phosphates in P3 that are putatively protected by the C-terminal 
domain of CYT-18, which is absent from CYT-18/A424~669 (see Fig. 1). 
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nucleotide (A119) interacts with P7 to help in forming the guano- 
sine-binding site’. The CYT-18 core interacts with the same P4 base 
pairs in the minor groove (see above) and HO-B interacts directly 
with P7. Thus, the protein potentially stabilizes both the J6/7 inter- 
actions and the guanosine-binding site (Fig. 3 and Supplementary 
Fig. 6a). 

‘The P3-J6/6a interaction may be promoted by CYT-18 in two 
ways. First, the previously described docking of Ins1-B in the major 
groove of P6 and Péa (Fig. 2a) may help to establish the correct 
conformation of J6/6a for the docking of P3 in the minor groove. 
Second, biochemical evidence suggests that the C-terminal domain 
of CYT-18, which is absent from CYT-18/A424-669, binds P3 
(Figs 1b and 3)". 

Finally, the interaction between the L9 tetraloop and the minor 
groove of P5 seems to be stabilized by direct contacts with the pro- 
tein. The L9 tetraloop is positioned by the binding of Ins2-B within 
the minor groove of P9 and by contacts to H5-A, whereas P5 is 
oriented by the previously described interaction between subunit A 
and P5a (Fig. 3 and Supplementary Fig. 6b). 

The N. crassa mitochondrial group I introns that are natural sub- 
strates for CYT-18 form by themselves most of the conserved sec- 
ondary structure, but they form little tertiary structure even at high 
Mg’* concentrations"*. The crystal structure is consistent with pre- 
vious biochemical and genetic analyses, which suggested that CYT-18 
binds first to the P4-P6 domain to promote its assembly and then 
makes additional contacts with the P3-P9 domain to stabilize the 
correct relative orientation of the two domains to form the active site 
of the intron RNA''*”, The latter step could occur by CYT-18 
serving as a scaffold for tertiary structure nucleation, tertiary struc- 
ture capture, or some combination of these mechanisms'*™, 

The structure suggests that CYT-18 interacts almost exdusively 
with the intron's phosphodiester backbone, with the only potential 


P3-P9 


Figure 4 | CYT-18 and the PSabc peripheral RNA structure found in some 
group | introns interact similarly with the P4~P6 domain. a, Orthogonal 
ribbon diagrams of the CYT-18/A424~669-T wort ribozyme co-crystal 
structure, b, The corresponding views of the T. thermophila LSU intron 
crystal structure with the P5abc domain in magenta. 
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base contacts between residues in Ins2-B and P9, and between HO-B 
and J3/4, These findings agree with previous chemical footprinting 
experiments, which showed similarly positioned phosphate- 
backbone protections in the N. crassa NDI, mitochondrial large sub- 
unit rRNA (LSU) and yeast bIS5 introns, and few if any base contacts 
(Eig. 1b shows the correspondence of phosphate-backbone contacts 
for the ND1 intron)" - Recognition of the three-dimensional 
structure of the phosphodiester backbone enables CYT-18 to bind 
various group introns, which have little primary sequence similarity 
but highly conserved secondary and tertiary structures*”. 

‘The co-crystal structure provides a striking snapshot of how struc- 
tural functions of RNA can be assumed by proteins. Previous work 
showed that CYT-18 could replace the peripheral RNA structure 
P5abe to promote the splicing at low Mg”* concentrations of a 
Tetrahymena thermophila LSU intron derivative lacking this struc- 
ture'®, Both CYT-18 and P5abc bind the length of the P4—P6 domain 
with contacts at P5, the P4—P6 junction and a distal region of P6 (P6a 
for CYT-18 and J6a/6b for P5abc), enabling them to stabilize the 
backbone conformation on both sides of the P4—P6 junction 
(Eig, 4). However, P5abc is sequence specific, stabilizing the P4-P6 
junction by means of A-minor contacts in the minor groove’, 
whereas CYT-18 seems to contact only the phosphodiester backbone 
in this region, CYT-18 also differs from P5abe in contacting the 
P3-P9 domain in addition to the P4—P6 domain. These further inter- 
actions explain the ability of CYT-18 to compensate not only for 
mutations in the P4-P6 domain but also for those that weaken 
tertiary interactions between the P4—P6 and P3-P9 domains 

‘The structure also shows how the unique structural adaptations of 
the N, crassa mitochondrial TyrRS are related to splicing activity. 
Thus, the CYT-18-specific insertions HO, Ins1 and Ins2, which had 
been implicated previously in splicing activity”, are all seen to 
interact directly with the intron RNA and potentially to stabilize 
key tertiary interactions. Further, the protein core has additional 
structural adaptations, including basic amino-acid substitutions 
relative to non-splicing bacterial TyrRSs that contribute to group I 
intron binding (Supplementary Table 3). 

Finally, analysis of genome sequences showed that HO, Ins] and 
Ins? are uniquely characteristic of mitochondrial TyrRSs of fungi 
belonging to the same subphylum as N. crassa and P. anserina 
(Pezizomycotina), and we confirmed that several of these other mito- 
chondrial TyrRSs have group I intron splicing activity (P.J.P. and 
A.MLL., unpublished observations). These findings suggest that these 
mitochondrial TyrRSs adapted to function in splicing after the diver- 
gence of the Pezizomycotina and the Saccharomycotina about 360 
million years ago*. A plausible evolutionary model is that the initial 
interaction was between the nucleotide-binding fold and the P4-P6 
domain, and that HO, Ins] and Ins2 were acquired subsequently to 
stabilize interactions with the P3-P9 domain, permitting further 
degeneration of the RNA structure. The conclusion is that an 
extended scaffold for the group I intron catalytic core developed in 
multiple steps on a previously unused protein surface in a relatively 
short period of evolutionary time. The adaptation of an essential 
mitochondrial TyrRS for group I intron splicing may have been 
dictated both by tractable features of the protein and by a distinctive 
genome surveillance mechanism in these fungi, namely repeat- 
induced point mutations, that effectively prevents functional gene 
duplications and thereby limits evolutionary options”. The fungal 
mitochondrial TyrRSs now provide a unique model system for study- 
ing how essential proteins in general, and aminoacyl-tRNA synthe- 
tases in particular, can progressively acquire new functions and 
evolve to bind multiple structurally related RNAs. 


METHODS SUMMARY 

Crystallization. The Twort ribozyme and CYT-18/A424-669 protein were syn- 
thesized and purified as described”, with the addition of a final Superdex 200 
gel-filtration step to the protein purification, To renature the Twort ribozyme, 
0.06mM ‘Twort RNA, 0.07mM RNA product analogue (5'-GCUU; 
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Dharmacon), 10mM potassium cacodylate pH65 and 15mM MgCl, were 
heated at 50°C for 5min and equilibrated at 18-20°C for 10min, CYT-18 
protein was added to the RNA such that the molar ratio of dimeric CYT-18/ 
A424-669 to RNA was 1:1, Before crystallization, the buffer was exchanged to 
10mM potassium cacodylate pH6.5, 15mM MgCh, 50mM KCI. Crystals were 
grown by the hanging-drop method with the use of a vell solution of 50mM 
potassium cacodylate pH 6.5 and 1.8M ammonium sulphate. 

Data collectionand refinement. Data were collected at beamline 23-ID-D at the 
Advanced Photon Source, and indexed and integrated with HK12000 (ref. 28) 
(Supplementary Table 1). Molecular replacement was performed with Phaser, 
with the dimeric CYT-18/A424-669 structure" and the Twort ribozyme struc- 
ture’ as search models (Supplementary Table 2), The model was refined with 
CNS* (Supplementary Table 1), care being taken to minimize potential phase 
bias (see Supplementary Notes and Supplementary Figs | and 7-11). 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Structure of the sulphiredoxin-peroxiredoxin 
complex reveals an essential repair embrace 


Thomas J. Jonsson’, Lynnette C. Johnson’ & W. Todd Lowther! 


Typical 2-Cys peroxiredoxins (Prxs) have an important role in 
regulating hydrogen peroxide-mediated cell signalling’. In this 
process, Prxs can become inactivated through the hyperoxidation 
of an active site Cys residue to Cys sulphinic acid. The unique 
repair of this moiety by sulphiredoxin (Srx) restores peroxidase 
activity and terminates the signal. The hyperoxidized form of Prx 
exists as a stable decameric structure with each active site buried. 
Therefore, it is unclear how Srx can access the sulphinic acid 
moiety. Here we present the 2. 6A crystal structure of the human 
Srx-PrxI complex. This complex reveals the complete unfolding of 
the carboxy terminus of Prx, and its unexpected packing onto the 
backside of Srx away from the Srxactive site. Binding studies and 
activity analyses of site-directed mutants at this interface show 
that the interaction is required for repair to occur. Moreover, 
rearrangements in the Prx active site lead to a juxtaposition of 
the Prx Gly-Gly-Leu-Gly and Srx ATP-binding motifs, providing 
a structural basis for the first step of the catalytic mechanism, The 
results also suggest that the observed interactions may represent a 
common mode for other proteins to bind to Prxs. 

Reactive oxygen species, such as hydrogen peroxide (H;0;) and 
peroxynitrite, have been recognized as compounds capable of modi- 
fying protein, DNA and lipids, especially when present at elevated 
levels’. In contrast, low levels of H302 can function as a second 
messenger signal in cell proliferation, differentiation and migra- 
tion™®, The dysregulation of these signalling processes are hallmarks 
of oxidative stress and disease states, induding diabetes, cancer and 
ageing**. In this context, the ubiquitous thiol peroxidases, 2-Cys 
Pras, function as critical peroxide sensors that can be inactivated 
through hyperoxidation. The hyperoxidation phenomenon is a fun- 
damental element of the flood-gate hypothesis’. Once the Prx mole- 
cules are inactivated, through the formation of a Cys sulphinic acid 
(Cys-SpO} , Fig. 1a) during the catalytic cycle, HO» can ‘breach the 
gate’ to initiate signalling events. Two additional scenarios for Prx- 
mediated signalling include the sulphinic acid form of 2-Cys Prxs 
acting as a signal itselfand the fostering of disulphide bond formation 
in other proteins*”. Thus, the unprecedented repair or retroreduc- 
tion of 2-Cys Prxs by Srx is essential to restore peroxidase activity and 
the regulation of signalling events. 

Structural studies on 2-Cys Prxs have revealed that the active site 
region can exist in fully folded and locally unfolded states’°. The 
hyperoxidized form of human PrxI exists in the fully folded state. In 
this form, the peroxidatic Cys residue, Cys51-SpO; , is located at 
the amino terminus of an a-helix stabilized by a salt bridge to 
Arg 127 (Supplementary Fig. 1, residue numbering is one less than 
in human Prat) and the resolving Cys-SpH residue is ~14 A away"'. 
Access to the sulphinic acid moiety is further restricted by the YF and 
GGLG motifs. The active site helix, however, must locally unfold to 
allow the formation of a disulphide bond between the Cys-SpH and 
Cys-SqH residues during the Prx catalytic cycle (Fig. 1a). Given these 


observations, it is clear that large structural rearrangements must 
occur in order for the Srx molecule to access the Prx sulphinic 
acid moiety. This notion is supported by the inability to model the 
catalytic Cys residues of each enzyme in close proximity to each 
other’. Therefore, the complex between the two enzymes is not 
readily predictable. 

Using X-ray crystallography, we determined the structure of 
human Srx in complex with Prxl to 2.6 A resolution after screening 
many engineered constructs. This complex contained one PrxI dimer 
(Eig. 1b) and two Srx monomers, The electron density across the 
disulphide bond that bridges between the active sites was unambi- 
guous (Supplementary Fig. 2). The Srx molecules were sandwiched 
between the active site surface of one PrxI monomer and the 
C-terminal tail from the adjacent Prxl monomer, Complex forma- 
tion resulted in the burial of ~690 A’ at each Srx—Prx active site 
interface and ~960 A? between the C-terminal tail and the ‘backside’ 
of Srx (Fig. Ic). Phe 50 of Pral packs within an Srx pocket (Fig, 2a) 
constituted by Leu 52, Leu 82, Phe 96, Val 118, Val 127 and Tyr 128 
(Supplementary Fig. 3). A comparison to the structure of hyper- 
oxidized human Prxll (Fig, 2b, c) shows that the Cys-SO; moiety 
(Csd51) is distant from Srx"', We propose that the hydrophobic 
surface of Srx triggers the local unfolding of the Prx active site helix 
to place Phe 50 in the Srx pocket, As a result, Cys52-SOy of human 
Pral moves ~10 A away from Arg 128 to approach Cys 99 of Srx. 

A superposition of the model of human Srx with ATP bound to 
it!®, based on the ADP complex determined experimentally, onto the 
Srx-Pral complex also suggests that the unfolding of the Prxl active 
site helix would place Cys52-SO; near the y-phosphate of ATP 
(Fig. 2a and Supplementary Fig, 4). In the ternary complex, the 

Y-Phosphate atom is located 3. 0A from the Sy atom of Prxl- Cys52 
and 3.5 A from the Sy atom of Srx-Cys99. The oxygen atom of Cys52- 
SOF is positioned correctly to perform an inline attack on the 
y-phosphate, as originally proposed’. In contrast, Cys 99 of Srx 
points away from the y-phosphate. This observation implies that this 
residue does not transfer the phosphate moiety from ATP to the Prx 
sulphinic acid (Fig. 1a); this is consistent with the weak phosphoryl- 
ation of the inactive, C99S human Srx variant’, The ternary complex 
also suggests that the GGLG motifand the preceding residues, Lys 92, 
Lys93 and Gln 94, are in a position to generate the second half of the 
ATP binding site. 

A comparison of the Srx—PrxI structure to Prx molecules present 
in two different oxidation states further supports the necessary flexi- 
bility of the GGLG motif, the active site helix containing the Cys-SpH 
residue, the YF motif, and Cys-SgH movements. The $rx and the YF 
motif of the adjacent Prx monomer cannot occupy the same space at 
the same time (Fig. 2b, c). The active site helix containing the sul- 
phinic acid moiety must break its interaction with a conserved Arg 
residue (Fig. 2c) in order to attackthe ATP molecule in the Srx active 
site, as described above. This locally unfolded state is consistent with 
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the formation of the disulphide bond between Cys-SpH and Cys-SgH_ 
(Fig. 2d) during the peroxidase catalytic cycle. The current Srx-Prxl 
complex also suggests that the ADP molecule would need to be 
released and that additional structural changes in either of the pro- 
tein molecules or both would be necessary for Trx or GSH to break 
down the proposed thiosulphinate intermediate, 

‘The binding of the PrxI C terminus onto the backside of Srx was 
surprising (Fig. 1). Residues 172-186 of Prel (Fig, 3a) pack onto a 
conserved (Supplementary Fig. 5), predominantly hydrophobic 
groove of Srx. This region of 2-Cys Prxs is also conserved and con- 
tains Cys173-SgH (mutated to Ser in this variant), three or more Pro 


° R Srecys-sH 


Prx-Gysp—8-Cye ret pa on corns 
RSH ADP 
Srx [oa 
SHOyS-SR ATP 
PrOyeGrH yg, POeYeEROH pg, PrnCynSeOe 
Prx-Gys-SgH PreCys-SH Prt-Cys-SqH 


Active site 
interface 


Figure 1 | Peroxiredoxin hyperoxidation and repair by sulphiredoxin. a, In 
the typical 2-Cys Prx catalytic cycle (violet), the peroxidatic Cys is depicted 
asa thiol (SpH) or sulphenic acid ($,0H). The disulphide bond between 
Cys-Sp and the resolving Cys, Cys-SyH, from the adjacent monomer is 
reduced by Trx"®, Reaction with a second molecule of HO, results in 
hyperoxidation and sulphinic acid ($,0; ) formation (yellow). The reaction 
mediated by Srx (blue) is specific for 2-Cys Prxs and dependent upon ATP, 
Mg** anda Cys thiol"*"***, The sulphinic acid moiety is thought to be 
phosphorylated to form a sulphinic phosphoryl ester (Prx-S02P0}~ ) 
through either a direct attack on the y-phosphate of ATP or transfer from 
Cys99 of human Srx. The phosphoryl ester is subsequently converted to a 
thiosul phinate bond (for example, Prx-S(O)-S-Srx, boxed in black) which 
includes the sulphur atom of Cys 99 of human Srx or possibly glutathione 
(GSH), and inorganic phosphate (P,) is released. Thioredoxin (Trx) or GSH 
reduce this complex to release free Stx and Prx-Cys-SpOH. b, Overall 
structure of the Srx—Prxl complex. Cartoon representation is shown, with 
secondary structural elements along the two-fold axis. The two monomers of 
Prxl and Srx are shown in violet/purple and cyan/blue, respectively. 

c, Surface representation of the Srx—PrxI complex, illustrating active site 
and backside interfaces. 
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residues, and Trp 177 (Supplementary Fig. 6). This interface suggests 
that the active site interactions are insufficient for binding, and that 
the C terminus functions to hold Srx in the correct orientation for 
catalysis. In order to test this hypothesis and the relevance of the 
dimeric complex structure to the Prx hyperoxidized decamer, 
Tle 50, Tyr 92, Phe 93 and Leu 117 (Fig. 3b) of Srx were mutated to 
Arg to repel the binding of the Prx C terminus. A corresponding 
alteration or truncation of the PrxI C terminus was not performed, 
because Prx variants of these types from a variety of organisms 
become resistant to hyperoxidation and Cys sulphinic acid cannot 
be formed'*”, 

The Srx variants were analysed by circular dichroic spectroscopy 
(Supplementary Fig. 7) to verify that their global structure had not 
been significantly compromised. Despite the careful selection of the 
sites of mutation, the F93R mutant exhibited a loss in structure. The 
ability of the Srx variants, including the partially unfolded F93R 
variant, to bind wild-type (WT), decameric PrxI-SO, was tested 
using fluorescence anisotropy (Fig. 3c). WT and 150R Srx bound 
Prxl-SO; with similar affinities, 5.1+0.94M and 7.2 + 13M 
(mean~s.d.), respectively. This finding agrees with Me50 being 
the residue farthest from the interface. In contrast, the Y92R and 
LII7R variants of Srx had significantly reduced or no binding, a 
result similar to that of F93R (data not shown). The catalytic activity 
of the Srx mutants was also monitored using reverse-phase high- 
performance liquid chromatography (HPLC; Fig. 3d). WT Srx was 
able to repair decameric PrxI-SOy at a rate of 0.23 min” (Supple- 
mentary Fig. 8), a value similar to the rate previously reported'*. The 
I50R and Y92R variants exhibited 60% and 15% of WT activity, 
respectively. The L1I7R mutant and the structurally comprised 
F93R mutant both exhibited no activity. These observations indicate 
that decreased binding of Srx to Prx is sufficient to reduce or abolish 
Srx activity. 

‘The necessity for the C terminus of 2-Cys Prxs to bind and embrace 
Srx highlights its expanding cellular roles. For example, the inter- 
action of the human PrxI C terminus with the PDZ domain of Omi/ 
HtrA2 is necessary to promote protease activity”. The interactions 
with ¢-Abl, c-Myc, MIF, phospholipase D1 and the PDGF receptor 
also raise the possibility that the binding of the Pro-rich C terminus 
of Prx to Srx represents a general mechanism for 2-Cys Prxs to assoc- 
iate with key regulatory or signalling proteins>"“22, Moreover, these 
latter interactions may modulate the repair process or vice versa. 

The importance of Srx is likely to extend beyond the repair of the 
decameric form of 2-Cys Prxs. The association of Prx decamers into 
stacks of toroids has been observed via electron microscopy and 
within the crystal structure of human Prxll-SOy (refs 11, 23). 
Confocal microscopy studies also suggest that human PrxlI-SO; 
can form filamentous structures in cell culture, thereby alerting cells 
to a perturbation in peroxide homeostasis". Sphere-like Prx aggre- 
gates have also been shown to switch from a peroxidase activity toa 
protein chaperone function’. In an effort to understand how Srx 
may interact with the higher-order forms of Prxs, a model of the 
decameric Srx—Prxl complex was generated. The Prxl dimer of the 
Srx—Prx complex was superimposed onto each of the five Prx dimers 
of the PrxIlI-SO} structure (Supplementary Fig. 9). No significant 
steric clashes were observed, suggesting that the Srx—Prxinteraction 
is not influenced by the oligomeric state. The addition of ten Srx 
molecules, however, did expand the toroid diameter (~110 to 
125 A) and thickness (~45 to 55 A). These substantial changes sug- 
gest that the binding of one or two Srx molecules would be sufficient 
to destabilize Prx—Prx interactions in higher-order oligomers. 

In summary, the embrace observed in the Srx—Prx complex repre- 
sents an unexpected structural rearrangement fundamentally 
important for the repair of Prxs in higher organisms. A structural 
basis is now available for designing future biochemical and cellular 
studies to dissect additional aspects of the Srx reaction mechanism 
and the roles of Srx and Prxs in modulating call signalling. 
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Prxt-Sp-S-Smx 


Figure 2 | Srx—Pral active site interactions and structural plasticity. a, ATP 
modelled (translucent) into the active site of the Srx—PrxI complex 
containing the disulphide bond between Cys 99 of Srx (cyan) and Cys 52 of 
Prxl (violet). b, Ribbon diagram of the locally unfolded human Prxl active site 
in complex with Srx. c, Human Prxll-SO; active site in the fully folded state 
(dark purple) with the YF motif from the adjacent monomer (light purple) 
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Figure 3 | Pral backside interaction with Srx. a, The C-terminal tail of Prxt 
binds to Srx. Conserved residues of Prx are coloured orange, and the conserved 
surface of Srx is coloured grey. b, Surface residues of Srx that interact with the C 
terminus of Prxl. ¢, Srx-PrxI-SO> interactions measured in solution by 
changes in fluorescence anisotropy with Oregon Green 514-labdlled Stx 
variants. Data obtained from representative, duplicate titrations are expressed 
as the fractional change in anisotropy, (A~Ag)/Ag, versus the concentration of 
decameric PrxI-SO; added, with the error bars indicating s.d. The data for WT 
Srx and the I50R mutant were fitted to a single-site, saturable binding model. 
d, Representative HPLC traces from the activity analysis of Srx variants, 
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cys 173 
‘Cys 52 


Pral-Sp-Sp-Pral 


overlaying the active site, The active site Cys-SpH residue isin the sulphinic 
acid form (Csd 51). PDB code 1QMV"™. Human PrxTand Prxll exhibit 77.8% 
sequence identity. d, Rat Prxl active site (dark green) present in the oxidized, 
disulphide form involving the resolving Cys residue, Cys 173 (light green), 
PDB code 1QQ2”. Panels bed are presented in the same orientation using a 
superposition of the core }-sheet structure of each Prx dimer. 


METHODS SUMMARY 


One key to stabilizing the Srx—Pre crystals was to mimic the proposed thiosul- 
phinate intermediate (Fig. 1a) with a disulphide bond. An intermolecular 
disulphide bond was formed between the active site residues, Cys99 of 
human Srx and Cys52-SpH of the C71S, C83E, C173S variant of Prxl. Both 
proteins were separately overexpressed in Escherichia coli, and disulphide 
bond formation was facilitated by pre-treatment of the Prel variant with 5,5’- 
dithiobis-(2-nitrobenzoic acid). The comparable disulphide-bonded species has 
also been observed in vivo and in vitro®". A dimeric form of Prxl was also 
necessary, and was generated by introducing charged residues, Cys83Glu oneach 
monomer, juxtaposed at the dimerdimer interface of the Prxl decamer®. An 
N-terminal truncation of human Srx, residues 1-37, was required to remove a 
non-conserved, glycine-rich region", Crystals were grown by vapour diffusion, 
and diffraction data collected on beamline X8C at the National Synchrotron 
Light Source (NSLS). The structure was solved by molecular replacement using 
the rat Pral dimerand human Srxas earch models", The final model has Rworc 
and Ree Values of 23,9% and 30,8%, respectively. The binding of Srx variants to 
the hyperoxidized, decameric form of human Prxl was determined by fluore- 
scence anisotropy by labelling Srx with Oregon Green 514, Hyperoxidized Prxl 
‘was generated by forcing theenzymeto go through the catalyticcycle many times 
by the addition of HjOz and dithiothreitol, The activity of Srx variants was 
determined by quantifying the conversion of Prx-SOz to Prx-SH by reverse- 
phase HPLC. Detailed procedures are presented in Supplementary Information. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Liquid Assets 


Time is money 


It's 2008. In today’s pharmaceutical industry, time is one of the most 
important assets. Researchers must be able to quickly test enormous 
sample amounts for leads. The tools below can help you save 


precious time. 


The SFT-250 Supercritical Fluid 
Extraction / Reaction (SFE/SFR) 
Processing System, from Activotec, is 
designed to perform extractions and run. 
reactions in a range of supercritical fluid 
media, The SFT-250 is simple to operate, 
easy to modify for evolving application 
needs, and features many of the 
performance characteristics of fully 
automated pilot scale systems. The SFT-250 
offers operational flexibility and safety 
features unmatched by any other laboratory 
SFE/SER instrument available in the market 
today. At the heart of the SFT-250 is a 
stainless steel vessel capable of containing 
supercritical fluids at pressures up to 10,000 
psi (68.9mPa). The SFT-250 accommodates 
pressure vessels of up to 4 liters in size. The 
SET-250 incorporates a high performance, 
air driven pump, which can rapidly produce 
the high pressures required for supercritical 
fluid work. Under typical operating 
conditions, flow rates range from 1 to 
330mi/min (250 grams/min) of liquid CO. 
Conveniently located front panels allow 
easy access to the pressure vessel, valves, 
fittings, and electronics. Manually actuated 
valves provide long term, maintenance 
free performance. 

Anachem introduces the next generation 
of peristaltic pump, the Gilson Minipuls 
Evolution. This patented new design 
includes unique cartridges that snap in and 
out of the horizontal pump head without 
the use of any tool, enabling the fastest, 
easiest tubing changing even when the 
pump is running. Together with the 
intuitive software interface anda large LCD 
screen, set up is quick, flexible and safe. 

The Minipuls Evolution will expand to 
accommodate your changing workload 
with stackable pump heads providing up 

to 16-channels. The Minipuls Evolution has 
a flow rate range from 0.2)11/min to 
340ml/min with an optimized 6 roller 
design which limits pulsations, offering one 


of the widest and constant volume ranges 
available. With 0.01rpm readability below 
10rpm, you benefit from accurate flow rate 
adjustments and guaranteed peace of mind. 

Beckman Coulter announces the 
BioRAPTR and PicoRAPTR liquid 
handling systems, developed by Aurora 
Discovery, featuring advanced, accurate 
fluidic technology ideal for assay 
miniaturization. The BioRAPTR 
workstation is an automated, non-contact 
dispenser for 384-, 1536- and 3456-well 
plate formats. It delivers precise and 
accurate dispensing across a low-volume 
range of 100n! to 60p11, without cross 
contamination. The PicoRAPTR features an 
eight-tip piezo head and dual-plate carrier 
stage for high-speed aspiration and 
pipetting of ultra-low volumes — Inl to. 
1001. With various configurations, the 
PicoRAPTR workstation provides the 
ability to complete spotting; compound 
formatting; dose response for cell-based 
assays; and SNP assays in high-density 
microplates, slides and chips. 

The Multipette stream and Multipette 
Xstream, from Eppendorf, are the world’s 
first handheld dispensers with an easy-to- 
read illuminated display. The display 
ensures clear visibility in every 
environment. The Multipette stream is 
suitable for all standard pipetting and 
dispensing applications. Additional 
functions, such as titration and aspirating of 
supernatants, can be performed with the 
Multipette Xstream. Together with 
Combitips Plus pipette tips, Multipette 
stream and Xstream make a perfect and 
essential system for every lab. Multipette 
stream and Xstream won the red dot design 
award for their innovative and customer 
friendly design. 

‘Anew range of Micro-Dispense Nozzles 
which provide a convenient method of 
accurately controlling dispensed volumes of 
liquid in the microliter to nanoliter range, 


- product focus 
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Beckman Coulter liquid handling systems 


are now available through miniature 
component specialists, Lee Products. Lee 
Micro-Dispense Nozzles are designed to be 
used in conjunction with Lee VHS (Very 
High Speed) Micro Dispense Solenoid 
Valves, a combination which provides users 
with a range of features and benefits. They 
are available in two different mounting 
configurations to enable optimum system 
design flexibility, 062 MINSTAC threaded 
ends and straight tube. Nozzles with 062 
MINSTAC ends are designed to be threaded 
directly into Lee VHS valves equipped with 
062 MINSTAC outlet bosses. 

Sarstedt announces several 
improvements to its line of vacuum unit 
and bottle top filters. All filters now contain 
a low binding, fast throughput PES 
membrane with a pore size of either 0.2m 
or 0.45. Lot number, membrane 
material, and pore size are conveniently 
imprinted onto each filter housing. The 
redesigned ported neck is compatible with 
45mm receiving bottles and is securely 
attached to the filter housing for an 
improved connection. Vacuum units are 
assembled with new ergonomic receiving 
bottles that feature a wide base for stability 
and two opposing indented sections for 
improved grip and handling. Sarstedt 
vacuum units, bottle top filters, and 
receiving bottles are available in 250ml and 
500ml volume options. All items are 
individually wrapped, sterile, and certified 
non-pyrogenic and non-cytotoxic. 

Thermo Fisher Scientific introduces the 
Thermo Scientific Multidrop Combi nl 
bulk reagent dispenser for nanoliter-to- 
microliter volumes. The Multidrop Combi 
nl provides accurate, consistent, high- 
throughput dispensing for all laboratories 
across a volume range of 50nl to 50ul. The 
Multidrop Combi nl is easy to maintain 
and can be used to dispense all common 
reagents, diluents, buffers and solvents as 


es 


‘Micropump MZR series from Michael Smith 
Engineers 


well as viscose solutions, cells and beads, 
making it ideal for the large variety of assays 
and protocols. The Thermo Scientific 
Multidrop Combi nl uses a pressurized 
reagent container with valves to provide 
high precision and accurate control of 
liquid flow at all volumes. As a result, 
reagent waste is greatly decreased, 
minimizing costs and maximizing the 
utilization of precious samples. The 
intuitive graphical user interface makes all 
functions easy to set-up and use, The PC 
software control option enables greater 
flexibility, functionality and easier protocol 
creation. Furthermore, protocols can be 
downloaded onto the instrument for 
standalone use. 

VICI Valco’s Cheminert Model M6 and 
‘M50 liquid handling pumps area new 
generation of pumps for precision handling 
of liquids and/or gases, producing a 
bidirectional pulse-less flow with a range of 
over six orders of magnitude (10nl/min to 
10ml/min for the Mé Pump; 50pl/min to 50 
ml/min forthe M50 Pump). An excellent 
replacement for syringe pumps, the 
Cheminert pumps offer better performance 
and eliminate the need for refill cycles and 
syringe changes. The M6 and MSO are 
positive displacement pumps, which means 
they are self-priming and tolerant of any gas 
which may find its way into the fluid lines. 
There is no separate fill cycle, and the 
capacity is unlimited. 

The Micropump MZR series of micro 
annular gear pumps, ftom Michael Smith 
Engineers, are ideal for precision liquid 
handling duties because of their compact 
design, which integrates pump, drive, 
control, and a precise close tolerance 
machining of the pump components. 

MZR pumps are offered in two series of 
pumps which cover flow rates from 
0.15ml/min up to 300ml/min and discrete 
individual dispense amounts starting from 


‘Thermo Scientific Multidrop Combi nl from 
‘Thermo Fisher Scientific 


as little as 0.2541. These small precise pumps 
are hard wearing and give accurate pulse 
free pumping for long periods between 
servicing. All the pumps are available with 
precision DC drives which ensure a dosing 
accuracy of better than 1%. 

‘The Freedom EVO series, from Tecan, 
offers versatile liquid handling platforms 
and flexible robotic workstations serving a 
full range of life science applications. The 
Freedom EVO platform delivers flexibility 
and possibilities for expansion according to 
future needs. Powered by a new intuitive 
software, Freedom EVOware, each system is 
equipped to successfully automate genomic, 
proteomic, drug discovery, and other life 
science applications. Tecan offers the 
Freedom EVO platform in four different 
base sizes (75, 100, 150 and 200cm). Each 
platform can be combined with a wide 
choice of robotic arms, liquid handling tools 
and application options powered bya 
straightforward software to meet individual 
needs, so now all laboratory personnel have 
access to a platform that will advance with 
their application needs. 


Companies mentioned in this Product Focus: 


Activotec—wwwactivotec.com 

Anachem —wwwanachem.com 

Beckman Coulter - www.beckmancoulter.com 

Eppendorf - www.eppendorficom 

Lee Products — www.theleeco.com 

Michael Smith E: 
www.michael 

Sarstedt — ww 


ineers — 


nith-engineer: 


“This artice was compiled by Kenyon Hoag Associates and 
submitted 10 Nature. Tt has not been written by or 
reviewed by the Nature editorial team and Nature 
takes: no responsibilty for the accuracy or otherwise of 
the information provided. Submit press releases for 
consideration 0 productfocus@mature.com with the topic 
in the subject line” 


Clinical Pharmacology Clinical Pharmacology 
& Therapeutics 


&Therapeutics 


WOMEN’S HEALTH 


Clinical Pharmacology & Therapeutics is expanding coverage in 2008. Original articles, Letters to the Editor, 
and Commentaries, alongside crucial research, deliver issues that are important to you. 


The Women’s Health issue features: 


Point-counterpoint: Emergency contraception 

Emergency contraception: a reasonable personal choice or a destructive societal influence? 
MGreene, et al 

Emergency contraception: an overestimated effectiveness and questionable expectations 
J Stanford, et al 


State of the Art: 
Advances in the treatment of breast cancer 
GHortobagyi, et al 


Practice: 
Emergency contraception update: a Canadian perspective 


J Soon, etal 


Visit www. nature.com/cpt to view select free articles from this issue and discover the impact the findings 
are having on today’s woman. 


www.nature.com/cpt ceanojaitttaraee @ 


nature functionalglycomicsgateway 


sweet spots in biology 


e research highlights 
¢ news & events 
° databases, data & reagents slon-up 
e glycan-binding proteins for email 
° carbohydrate structures alerts 
e glycan expression profiles 

and more 


Free online at 
www.functionalglycomics.org Tanita GUBLAEIa OUD @ 


Accollaboration between the Consortium for Functional Glycomics & Nature Publishing Group 


Assistant Professor, Petroleum Microbiology 

The Department of Biological Sciences at the University of Calgary invites applications for a tenure-track Assistant a 
% 
we 


Professor position in Petroleum Microbiology. This position was made possible through the recently established NSERC 
Industrial Research Chair in Petroleum Microbiology (www.bi0.ucalgary.ca/contact/faculty/voordouw.htm), a program 
supported by eight industrial partners, the Alberta Energy Research Institute (AERD and the University of Calgary. 

The position is intended to complement existing Strengths and further enhance our international reputation in this area. © UNIVERSITY OF 


Applicants who have used molecular and/or physiological approaches to study a relevant problem in applied and CA LGARY 
environmental microbiology are encouraged to apply. Willingness to work in petroleum microbiology, especially on 

microbial communities and processes in oil sands environments such as outcrops, tailings ponds, aS well as surface and subsurface bitumen formations, 
is expected. Although the successful candidate will help achieve the research goals of the Industrial Research Chair program, every effort will be 
made to ensure he/she pursues a successful independent career in the target area. 


Applicants must have a PhD, at least One year of relevant post-doctoral experience and an established record of high-quality research. In addition to pursuing 
a successful, externally funded research program in petroleum microbiology, the successful candidate is expected to help develop an interdisciplinary course in 
the area and participate in undergraduate and graduate teaching. The Department of Biological Sciences (www.bio.ucalgary.ca) is a large and diverse 
department with excellent facilities. Interdisciplinary and resource opportunities exist in the newly established Institute for Sustainable Energy, Environment, 
and Economy (www.iseee.ca) and the Institute of Biocomplexity and Informatics (www.ibi.ucalgary.ca). 


The City of Calgary (pop. 1 million) is the Centre of Canada’s Eneray Industry. It has a lively cultural life, vibrant economy and many recreational 
Opportunities. It is located less than an hour from the Rocky Mountains and Banff National Park. 


Applications should include a covering letter that clearly specifies the interest in and qualifications for the offered position, a curriculum vitae, a concise 
Outline of research plans, copies of up to five publications, a statement of teaching interests and philosophy, and three letters of reference sent directly by 
the referees. The deadline for receipt of a complete application package is March 15, 2008. Applications should be sent to: 


Dr. Jeffrey I. Goldberg, Head 

Department of Biological Sciences, University of Calgary 
2500 University Drive N.W. Calgary, Alberta, TZN 1N4 
Fax: (403) 289-9311 


om 


All qualified candidates are encouraged to apply; however, Canadians and permanent residents will be given priori. The University of Calgary respects, 


appreciates, and encourages diversity 


To see all career opportunities available at the University of Calgary, please visit www.ucalgary.ca/hr/careers. 
Nrzt698R 


PL PERIMETER 
ite INSTITUT Bie ue 
DIRECTOR OF OUTREACH 


Canada’s Perimeter Institute is a premier centre for 
scientific research and educational outreach devoted to 
foundational issues in theoretical physics at the highest 
levels of international excellence. To complement an 
ambitious research agenda, the Institute has developed a 
world-class outreach program to disseminate the mysteries of 
the physical world to students, teachers and the general public. 


The Institute is seeking a highly experienced strategic manager 
with the ability, ambition and vision to establish Pl as a leader in 
physies outreach internationally. 


The Director of Outreach will be responsible for overseeing all 
outreach programs and products; managing the logistics and 
finances of numerous large scale projects; leading staff in the 
__ planning, development, and delivery of new and existing initiatives; 
and identifying potential targets of opportunities for new programs and 
products. 


The successful candidate will have a passion for outreach, a strong 
background and education in science, and a history of developing and 
implementing innovative community and educational programs and 
products. 


Perimeter Institute offers a dynamic work environment and competitive 
salary and benefits. Highly qualified candidates wishing to be 
considered for the position may apply by sending a cover letter and 
curriculum vitae by email to: hr@perimeterinstitute.ca Please 
quote Competition #20071210 in the subject line of your email. 
The deadiine for applications is January 31, 2008. 


For further insight into this unique opportunity please visit our 
website at www.perimeterinstitute.ca 


FACULTY POSITION 
Genetics/Skeletal Biology 


Nw1200068 


The Department of Genetics at Harvard Medical School and the 
Department of Orthopaedic Surgery at Children’s Hospital Boston invite 
applications for a tenure-track appointment at the Assistant Professor 
level. The appointee will be a full member and active participant in the 
Department of Genetics (http://genetics.med.harvard.edu) and be 
given laboratory space in the Orthopaedic Research Laboratories at 
Children’s Hospital Boston (http://www.childrenshospital.org). 


The successful candidate is expected to direct innovative and 
independent research in the field of skeletal biology, preferably 
addressing questions related to pediatric skeletal health and disease, and 
to participate in the teaching activities of the Department of Genetics and 
the Department of Orthopaedic Surgery. Applicants must hold a Ph.D., 
M.D./Ph.D., ot M.D. degree, have completed post-doctoral training, and 
have a strong record of research accomplishments. 


Applicants should submit electronically (pdf format only) a curriculum 
vitae, bibliography, and a 3-page description of research 
accomplishments/future research interests by February 29, 2008, and ask 
3 references to provide letters of recommendation (also in pdf format). 
All these materials should be sent to the following email address: 


faculty_search@ genetics.med.harvard.edu 


Harvard Medical School and Children’s Hospital Boston are 
Equal Opportunity/A{firmative Action Employers. 
Applications from women and minorities are encouraged. 


We are an equal opportunty employer. All qualified candidates are encouraged to 
apply; however, Canadian ctizens and Permanent Residenis wile given prioty. 
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ny decent novel has an interesting narrative arc. The reader gets to know 

the characters in intimate detail and, by the story's end, at least one 

character changes in some intriguing, enlightening or surprising way. The 

intention is the same with our Postdoc Journal. Over the past 11 months, 
readers have seen changing moods, outlooks, opinions, attitudes and priorities from 
our four journal keepers — changes that, we hope, reflect readers’ own concerns. 

As the tenure of our 2007 journal keepers comes to an end, our four narrative 
arcs are summed up in online-only end-of-the-year entries, one from each journal 
keeper (see www.nature.com /naturejobs/magazine/graduates/index.html). 
Chris Rowan began the year with a risky move from Britain to South Africa to do 
a postdoc in geology. He couldn't resist the opportunity — or the area's unusual 
geological formations. But like so many postdocs, he is concerned about publishing 
and findinga niche that will help him launch an independent career. He also misses 
teaching, although so far he has no regrets about his move. 

Maria Ocampo-Hafalla came to appreciate more than ever her partnerships, both 
personal and professional. She writes that finding a good mentor, along with being 
resilient with experiments, having a clear professional vision and “developing skills 
for scientific survival", are among the ingredients in her recipe for career success. 
Moira Sheehan began the year with a joy and challenge many can relate to: anew 
child. Daycare, illnesses, balancing lab responsibilities with kids — Sheehan was very 
honest about her continued struggles. And, she says, readers responded with their 
own stories. Personal distractions have so far made it hard for Sheehan to make big 
professional decisions — maybe industry, maybe a small liberal arts college. 

For Peter Jordan, the year helped him cometo arealization about his future in 
science research: he decided he didn't have one. Although his time in the lab has 
been far from a nightmare, after a year as a postdoc, Jordan has elected to move on 
to other pursuits. He wants a job that has more of a direct impact on people. Jordan, 
like the others, has changed a bit in the past year. The narrative arcs continue. 

Gene Russo, acting editor of Naturejobs 


CONTACTS San Francisco Fax:+44 (0) 2078434996 

Acting Editor: Gene Russo California 94104 e-tnailtnaturejabs@nature.com 
Tel: +1415 781 3803 
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Faculty Position 
Harvard Medical 
School/Children's 
Hospital in Boston 
Boston, MA (USA) 
Turn to page IFC 


PhD Studentships 
MRC 

Cambridge (UK) 
Turn to page 7 


Associate Professor (W3) 
DKFZ 

Heidelberg (Germany) 
Turn to page 104 


Chair 

University of Pittsburgh 
- School of Medicine 
Pittsburgh, PA (USA) 
Turn to page 10 


Director 

UCL 

London (UK) 
Turn to page 6 
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German Cancer Medical Faculty 
Research Center University of Heidelberg 
(DKFZ, Deutsches Krebsfor- 

sschungszentrum) Member of 

the Helmholtz-Gemeinschaft, HGF 


The Department of Translational Oncology of the National Center 
for Tumor Diseases (NCT) Heidelberg in collaboration with the 
German Cancer Research Center and the University of Heidelberg 
Faculty of Medicine invite applications for the position of an 


Associate Professor (W3) 
in 
Translational Hematology and Oncology 


This position also entails heading a section of the Division of 
Translational Oncology. 


We are seeking a colleague who shares our commitment to 
effectively translate advances in basic research in hematology and 
oncology and newly gained insight into the pathogenesis of tumor 
diseases into innovative clinical trials. A major focus of this work will 
be the investigation of the biology of normal and malignant stem 
cells and the translation of this knowledge into novel therapeutic 
approaches. New links to clinical hematology are expected to 
achieve higher standards of quality in clinical research and patient 
care. The new position will be able to use the structures which 
the NCT has created for conducting interdisciplinary treatment 
programs and effective clinical trials with special emphasis on 
investigator-initiated trials. 


The successful candidate will have a record of outstanding 
productivity in the research field of stem cell biology and will not 
only be a competent and experienced physician and specialist 
in hematology/oncology who is thoroughly familiar with current 
procedures for the treatment of tumors and leukemia but will also 
be able to carry the responsibility for the organisation and supervision 
of high-standard clinical trials. Excellent clinical and pre-clinical 
research work including the use of pre-clinical animal models will 
be expected and the successful candidate will perform the duties of 
a senior physician entrusted with the care of cancer patients in the 
NCT hospital facilities. 


The successful candidate will have a ‘habilitation" or comparable 
scientific qualifications and be a capable and experienced educator. 


The position has been instituted as a permanent professorship, but 
in accordance with employment regulations (§ 50 Abs. | LHG) the 
contract for the first appointment as a professor must be limited. 
Exceptions can be made; especially in the case of applicants from 
foreign countries or non-academic institutions who otherwise would 
not be willing to accept this position. The contract can be renewed 
and converted into a permanent status without repeating the entire 
appointment procedure. 


The German Cancer Research Center and Heidelberg University 
are committed to increase the representation of women in research 
work and encourage applications from qualified female scientists 
and physicians. Persons with disabilities will be given preference 
among equally qualified candidates. 


Please send a letter of application, including a statement of current 
and future research interests, curriculum vitae, and a list of publica- 
tions to the following address by January 31, 2008: Prof. Dr. Otmar 
D. Wiestler, Chairman of the Management Board, Deutsches Krebs- 
forschungszentrum, Im Neuenheimer Feld 280, 69120 Heidelberg. 
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> Assistant professor in bioimaging in relation 
to renal and cardiovascular physiology and 
pathophysiology 

SDU - Odense 


The Department of Physiology and Pharmacology, 
Institute of Medical Biology, Faculty of Health Sciences, 
University of Southern Denmark invites applications for 
a tenure-track position as assistant professor. 


Further information can be obtained from Head of 
Research, Prof. Boye L. Jensen, MD, PhD, Institute of 
Medical Biology, Telephone +45 6550 3796, E-mail: 
bljensen@health.sdu.dk or Prof. Ole Skott MD, DMSc, 
Head of Institute of Medical Biology, +45 6550 3752 
e-mail oskott@health.sdu.dk 


Full job description: wwwjobs.sdu.dk and 
http:/Iwww.jobs sdu.dk/vis_stilling.php?id=3901 &lang=eng 


DEADLINE FOR APPLICATIONS: January 31%, 2008 at 12:00 hrs. 
www.sdudk vacant positions no. 071064 


DDANSKUNIVERSITET.DK 


CNG": 
EU PROJECT MANAGER 


Attached to the CEA/Institute of Genomics, the Cente National de Génorypage 
(CNG) is lecated on the principal campus for genomic research in France (Patis 
region), and is one of the leading European research centres using large-scale genetic 
approaches to investigate the molecular basis of human disease. CNG conducts major 
research programmes in diverse disease areas, 


In the context of its FP7 European programmes, CNG vill be coordinating a large 
scale integrating project, which aims to revolutionise nucleic acid analysis methods. 


We are secking an experienced candidate to take charge of EU project management 
activities for this 4 year project (scientific work programme, administrative and 
financial coordination of the consortium, organising meetings and training courses, 
project website...). Idealy, you will have a PhD or Masters degree in genetics (or 
related subject) plus management training, and at lest 2 yeas’ experience of managing 
a European project. Excelent command of English required and, if possible, some 
knowledge of French, For full deails ofthe position: hrtp://wwwang.fe 


To apply, please send CV, cover letter and names of three referees to: 
ProjeaMgr@cng.fr (postal address: Human Resources, Centre National de 
Génotypage, CEA ~ Institut de Génomique, 2 rue Gaston Grémieux, 91057 Evry, 
France), quoting job ref. ProjectMge’, in subject heading of email, or envelope. 


Closing date for applications: 31 January 2008 
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BBSRC-tunded 
CASE Situdentships 
with AstraZeneca 


Available in October 2008. 


One of the world’s leading pharmaceutical companies, AstraZeneca is 
focused on turning good ideas into innovative, effective medicines 
that make a real difference in important areas of healthcare. 


As part of our long-term commitment to the discovery of 
medicines, applications are invited for the following PhD 
studentships between leading academic institutes and AstraZeneca 
- commencing October 2008. Projects will be based in the 
academic groups and include a minimum three-month placement 
at AstraZeneca, Alderley Park, Cheshire. 


You should have, or expect to obtain, a first or upper second class 
honours degree in a relevant subject and meet the eligibility criteria set 
out in the BBSRC guidelines. Funding is for four years at the standard 
BBSRC rates with an additional contribution from AstraZeneca. 


Functional validation of novel regulators of the Myc oncogene 
Dr Micheala Frye (michaela.frye@ cancer.org.uk) 


Cancer Research UK, Wellcome Trust Centre for Stem Cell Research, 
University of Cambridge 


An investigation of the mechanisms underlying the 
sympatho-stimulatory effects of ghrelin 

Dr Nina Balthasar (nina.balthasar@bristol.ac.uk) 

Department of Physiology and Pharmacology, University of Bristol 


Role of G-protein coupled fatty acid receptors in the 
regulation of pancreatic B-cell viability 

Prof. N G Morgan (noel.morgan@pms.ac.uk) 

Endocrine Pharmacology Group, Peninsula Medical School, Plymouth 


A mechanistic investigation of the use of tissue mot 
understanding and predicting oral drug absorption, 
incorporating the use of human tissue and transgenic 
animal models 

Prof. Geoff Warhurst (geoffrey.warhurst@manchester.ac.uk) 
Molecular Drug Design Group, University of Salford 


To sign up for email job alerts, please visit 


careers.astrazeneca.co.uk 


The role of the infrapatellar fat pad and mesenchymal 
stem cells in osteoarthritis 
Prof. Ann Canfield (ann.canfield@manchester.ac.uk) 


Wellcome Trust Centre for Cell-Matrix Research, Faculty of Life 
Sciences, University of Manchester 


To determine the functional role of microRNA in 
OA-diseased and normal tissue and assess their 
therapeutic application 

Dr Chris Murphy (c.murphy@imperial.ac.uk) 

Kennedy Institute of Rheumatology, Imperial College London 


Modeling dynamics and compliance in the lung during 
respiration 
Dr Jo Naish (josephinenaish@manchester.ac.uk) 


Imaging Science and Biomedical Engineering (ISBE) Research Group, 
University of Manchester 


Prof. Geoff Parker (geoff. parker@manchester.acuk) 


Imaging Science and Biomedical Engineering (ISBE) Research Group, 
University of Manchester 


Analysis of the effect of anti-infectives targeting 
bacterial topoisomerases e.g. gyrase and topo lV on 
human type II topoisomerases 

Prof. Caroline Austin (caroline.austin@ncl.ac.uk) 


Institute for Cell and Molecular Biosciences, University of 
Newcastle-upon-Tyne 


To apply for any of these studentships, your CV and names of two 
academic referees should be sent by email, before January 31st 2008 
‘to the academic supervisor listed above. 


Astrazeneca? 
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SCIENCE OFFICER “~ 
FORESTS, THEIR PRODUCTS AND SERVICES (FPS) hye cosc 


The Eupean Science Foundation provides administrative and scantfic ranagerrent for COST, ts Domain 
Commies ancits Actions through the COST Office in Brussels and corporate support services in Strasbourg, 
This i achiaved through a support grant provided to ESF by the European Commission, GOST isan intet- 
‘governmental stam supporting European reeaarch networking. The ESF saeks atull-ime Science Officer the 
Domain of FPS tits COST Oficein Brssels. The positon wil imply the management of he FPS Domain, by 
catalysing and supportrg researchers, Domain Commiticas and COST Acions, promoting nter-disoipinary 
research collaberaion n'a mul-asciplinary environment rcross Europe and bayond, 


Position responsibilities: 
Implomenting and sipporting the scientific neworking pragranme schema, and approved programmes forthe 
FPS Domai, under he dracion of te Serio: Sclanes Ofcat— Life Sxiences 
Deering and advancing specific anc quality pers and reports, related to the FPS Domain 
(Organising scientfic quality contol ard responding tothe GOST Open Call, relited tothe FPS Domain 
“Taking responsibilty for the management of te Domain budgets; 

Pratiing scontfic sscetaiatfor the FPS Domain Committse andts Chair 

LUalsing with COST Domain Commies Chairs and ofter extemal scleriic bodes and networks and providing 
suppor; 

Corirutingto the Lie Sciensas Cluster actives; 

Pramating and centralizing publication needs accordrg tothe Domain requirements; 

Representing the COST Office in extemal mestings 


Profile and competencies: 
Specifccompetencies 
Ph.) or aquvalentresaarch axperiance ina field relevant fo frasty economics (incl. pulp & paper), prefarabhy 
witha further 8-10 years research experiancein a relevant science area; 
Proven experience wit grant assessment an¢ review processes and experionca of science management; 
knonladge of European and national research structures and nttutons and Europear and international 
sciance policy, 
NNehvorking skis; 
High standard of spckan andurittan English, witha working knowledge of another European language boing 
fan evartage but no! arequitement; 
Good workirg knowledge of MS Office systems and oj electronic datatases ard Web sos Intar- personal 
competencies; 
Action-<rientated, responsible and se-managed, creative andwiling to take Intiatves, and continuous 
improvement minded; 
Strong ntr-persenal and excellent communication and presertation skilswithn a mult-naiond corto, 
including discretion, diplomacy and trance; 
‘Assertive arc capabity to guide decion-maing procadures and to reprosent COST inthe scintfic 
‘community, 
Corimitmerto delve on allcatedtesks and respond in a tirely mame to deadines; 
“Trareparengy in worling anda teamrientated werk shi, 
Witingnoss travel extensively 


We offer: 
‘An interatenal working envtonment located n Brussels 1050, avenue Louise 149; 
Fheed duration contract of 4 years, wit anil probation perid of 6 months; 
Competitive salary, 
Gonplemeniary insurances 
‘The selected pewson shculd preferably be avaiable by 1 Nay 2008 
Electrorio applications (novation letter + CV) should be addressed to the COST Office Dtector and sent to 
job@ cost ec og Reference code: SO FFS. 
Interviews willbe planned eaty February 2008, 
Fer general detals see Itip:wwr.costest.org 


Closing date: Wednasday 18 January 2008 


SCIENCE OFFICER ~~ 
INDIVIDUALS, SOCIETIES, CULTURES AND HEALTH (ISCH) kyo Cc ose 


‘The European Science Foundation proves admiistraive and scentc ranagerent for COST, ts Domain 
CCommitaes ancits Actions through the COST Office in Bussels and corporate support services in Strasbourg, 
This is echieved through a support grant provided to ESF by the European Commision, COST isan iter- 
{gavemmental stam supporting European reeaarch networking. The ESF saeks afull-ime Science Office tha 
Domainof ISCHor its COST Offca in Brussels. The positon wil inpy the management of he ISC Doman, by 
cafaysing and supporirg researchers, Domain Committees and COST Actons, promoting intr-dsspinary 
research colaberation n'a mul-ascilinary erwironment across Europe and bayord, 


Position responsibilities: 
Implamenting and stpporting the scientific networking progranme schema, and approved programmes forthe 
1SCH Doman, under the decion of he Senbr Sciansa Officer - Scien in Society, 

Deering and advancing specifc and quality aapers and reports, relied tothe ISCH Domain; 

Organising scentficqualty contol ard responding tothe COST Open Call, related tothe ISCH Domain, 
“Taking responsibly for the management of te Domain budgets; 

Proving scentfic secretariat for tho SCH Domain Committae and ts Char; 

Liaising with COST Domain Committee Chae and citer extemal cleric bodes and networks and proving 
suppor 

CCoriiouingto the Science in Society Custer activities; 

Prometing ard centralizing publication needs accorcrg to the Domain requirements; 

Representing the COST Offa in external mestings 


Profile and competencies: 
‘Spacificcompstencios 
Ph, or equvalent research axporionce in the feld of social esiances (n particular European potical 
sciences, preferably with a further 5-10 years research experiance ina relevart science area wth an 
‘emphasis on political sciences; 
Proven experience wih grantassessment and review processes and axporienca of science management; 
knowladge of European and national esearch stuctwes and netions and Eurqpean and international 
science poliy, 
Networking skis 
High standard of spckan and written Engh, with a working knowledge of another Eurcpean language being 
an avantags but not a requirement 
Good workirg knowledge of MS Office systems and of electronic databases and Web stes Interpersonal 
competencies; 
‘Acton-orieriatad, responsible and sef-managed, erectve and wiling to taka iatives, and contruous 
improvement mindee; 
Strong intr-sersonal and excelent communication ard presertation sils win a mult-nationl contx, 
including discretion, diplomacy and trance; 
‘Asserive an capablty to guide decision-making procedures and to represent COST inthe scientific 
community; 
Comitmert to delvr on allocated tesks and respon¢ in a tirely manner to deadines; 
“Transparenoy in working and team-oriented work ethic, 
‘Wilingness to travel xtansively 
Wo oftor: 
{n intmatinal working ervionment located in Brussols 1056, avenue Louse 149; 
Feed duration contract of 4 years, with anil probation patio of 6 months; 
Compattve salary; 
Complemertary insurances 
The selected person should idealy bo available by 1 Apil200e. 
Electaric applications (motivation lettr + CV) should be addressed to the COST Office Director and sentto 
Job@ cost estorg Reference code: SO ISCH. 
Interviews willbe planned by theand of January 2008, 
For general details see ttp:wwr.costest.org 


Closing dato: Wednesday 18 January 2008 


SCIENCE OFFICER 
MATERIALS, PHYSICAL AND NANOSCIENCES (MPNS) ya Oc osc 


“The European Science Foundation provides administrative ard scianifimanagementfor COST, ts Demain 

Conmitaes and ts Actions through the COST Office in Brussels andcorporate support servcas in Strasbourg, 

“This achiaved through a support crant provided to ESF by he European Commission, COST isan irter- 

governmental system supporing European research networking, The ESF seeks a fulltime Scere Officer in the 

Domain of IPN fer its COST Office in Brussels. The poston wil imply the management ofthe MPNS Doman, 

by catalysrg and supporting researchers, Domain Committees and COST Acions prmetinginter-aisaplinary 

research collaboration in a mult-ascplinry envronnnt acress Eurcpe and beyond, 

Position responsibilities: 

+ Implemarting and supporting the scientific networking programme scheme, and agproved rogrammes forthe 
MPN Domain, under te dreefon of he Senior Scien Officer - Natural Scienoss; 

+ Delivering and advancing spac and quality papers and reports, related io the MPNS Domain 

= Organising scientic qualty contol and responding tothe COST Open Cal, related to the MPNS Domain; 

= Taking responsiiy forthe maragement ofthe Comain tudgets; 

= Proving sciatic secretariat or the MNS Domain Commitae and its Chai; 

Liaising wth COST Donain Committee Chairs ard other ademalsolentie baci and networks ard providing 
support 

= Contbating tothe Natural Scienoas Cluster actvtios; 

= Promotng and centralizng publation needs according tothe Domain recuiremerts; 

= presenting the COST Office in external meetings 


Profile and competencies: 

‘Seale competences 
Ph.D, or equivalnt research experiance in afaldrelatedo matatals, physice and nanceciences, preferably 
witha further 810 years research experience in arelvart science area, 

= Proven axperience with grant assessment and review prozesses and expatience o science management 

* Knowiedge of European and natonal research etuctures and inetutions and European ard Intemational 
science poly; 

= Networking si; 

High standard of spoken and writen Engish, wih a working knowedge of another European language beirg 
an advantage but not a requirement; 

= Good vorking knowledge of MS Office systems and of electronic databases and Wab sites Inter-personal 
competences; 

~ _Action-rientated, responsible and solfsranaged, creative and wllng to take iniatves, and continuous 
improvement minded 

= Strong inter-personal and excolent communication and presentation sklle within amut-national contact, 
including discreton, diplomacy and olarance; 

Assertive and capably to guide decision-making procedures andto represant COST inte scenic 
community; 

= Commiment todelivercn allocated tasks and respond ina timely mannerto deadines; 

*Transperency inworking anda team-orentated work ethic; 

+ Wilingress to travel extensively 

We offer 

= An intamationalworking environment locatad in Brussels 1050, avenue Louise 148; 

= Fixed duration contract of 4 years, wth an inital probation period of @ morths; 

= Compaitive salary 

2 Complementary insurances 

“Th selected person shouldidealy bo avaliable by 1 Api 208. 


Etectronic applications (motvation iter + CY) should be adcressed tothe COST Office Director and sentto 
job@costest.org Reference coda: SO MPNS. 


Interviews wil be planned by the end of January 2008 


For general detals see htp:hwww.costest or 
‘Closing cate: Wednesday 10 January 2008 


SCIENCE OFFICER “a 
FOOD AND AGRICULTURE (FA) Ocosc 


“The European Science Foundation provides administrative nd sciatic managemert for COST, ts Damain 
CCommitiaes and ts Actions through the COST Office in Brussels and corporate suppart services in Sasbourg 
‘hiss actieved through a support grant provided to ESF bythe European Commission, COST isan inter- 
governmental systom supporting Eufopean rescarch networking, The ESF seeks aful-me Science Cicer inthe 
Domain of A for its COST Office in Brussals. The position wil imply he management of the FA Domain, by 
catalysing and supporting researchers, Domain Conmittees and COST Actons, promoting int ciscipinary 
research calaboraton in a mult-asziplinry envionment across Europe and beyond, 


Position responsibities: 

+ |mplererting end supporting tte sciantic networking programm sche, and approved progranmes forthe 
FA Donain, under the dretion of the Senior Sclanoe fice ~ Lfa Sciences; 

= Dalivering and advancing specic and quality papers and reports relatedto the FA Domain; 

Organising scientic qualty contol and vesporuing to the COST Open Call, related to the FA Domain, 

~ Taking responstilty forthe managemert ofthe Domain budgets; 

= Proving scirtic secretariat or the FA Domain Commitee andits Chai 

Liaising wth COST Donain Committee Chairs and other edema’ sientfe bodies and networks and providing 
suppor 

= Contbuting tothe Lite Sciences Cluster activites; 

= Promoiing and centralizing publcation needs acrording fo the Domain requirements; 

= Representing the COST Office n extornal mestings 


Profil and competencies 

‘real cumpetenses 
Ph, cr equivalent research exparianca in a field relevat to food systems (ind, agricutunl biotechnology), 
prafecbly with a further 5-10 years research experience in a relevant science area, with an emphesis on food 
systems; 

= Proven experience with grant assassment and reviow processes and experiance of science management; 

Knowledge of European and national research sruntues and nsttutons-and European and intrrational 
science poly: 

+ Netwoiking skis; 

{High standard of apoken and witten English, with a working knowledge of another European language beng 
an advantage tut not arequirement; 

= Good working inowledye of MS Ofice systems and of electronic databases ard Web sites Inter-personal 
‘competences 

= Acton-riantated, responsible and seanaged,creativ and wing to take iiatves, ard contnucus 
improvement rrinded; 

= Sttonginter-personal and excelent communication and presentation skis within « mult-national cortt, 
including discretion, diplomacy and tolerance; 

= _Assertve and capability to guide decision-making prooscures arto represent COST inthe sciantfic 
‘community; 

= Commitment to dliver on allocted tasks and respond ina timely manner to deadines; 

= Transparency inworking anda tgam-orentated werk ethc; 

= Wilingness to tave extensively 

Woofer: 

= An Internationa working envirorment located in Brussels 1050, avenue Louiso 143 

= Fixed curation coniractof 4 yeas, wit an ital probation period of 6 months; 

2 Gompettve sary, 

= Complementary insurarcos 

“The selected porscn shoul idealybe availble by 1 May 2008. 

Electronic applications (motivation Istar + CV) should be adérassed tothe COST Ofte Director and sent to 

Job@ cost est.org Reference code: 80 FA. 

Interviews wil be ianned by the erd of January 2008. 

Far general details soe hteshwww.costesterg 

Closing date: Wednesday 18 January 2108, 


Wiareosh 


“la Caixa” /CNIO 


a INTERNATIONAL PhD PROGRAMME cntio 
Obra Social CALL FOR APPLICATIONS Centr Hsien! 


de Investigaciones 


Fundacién"laCakia" ~~ Spanish National Cancer Research Centre (CNIO) Oncoligias 


During 2008, the Fundacién “la Caixa” will provide support for ten highly qualified graduate students to carry out their experimental work towards 
obtaining a PhD degree at the Centro Nacional de Investigaciones Oncolégicas (CNIO) within a new International PhD Programme. “La Caixa” is the 
third largest Spanish financial institution. The CNIO maintains an outstanding scientific reputation based on the quality of its research programmes, 
the excellence of its publication record and its role in promoting scientific interaction and collaborations. 


The CNIO, located in Madrid, Spain, offers interdisciplinary training and research opportunities to outstanding young graduates in biomedical 
sciences wishing to pursue an ambitious PhD project within an international scientific environment. The CNIO is one of the few European Cancer 
Research Centres of excellence that effectively combines basic and applied research, Currently, our Centre houses 25 basic and translational research 
groups supported by nine core units organised into five research programmes with extensive cross collaboration and interaction. The research 
programmes include Molecular Oncology, Cancer Cell Biology, Structural Biology and Biocomputing, Molecular Pathology and Human Cancer 
Genetics (for details of research activities see the CNIO’s Scientific Report at htip://www.cnio.es/ing/sr/index.asp). The CNIO also has a 
programme on Experimental Therapeutics exclusively dedicated to drug discovery efforts and hence, with limited access to graduate students. 

In the context of this new “la Caixa”/CNIO International PhD Programme, we are seeking highly motivated PhD students interested in receiving 
ample cross-disciplinary training in state-oFthe-art basic and applied cancer research. Students of any nationality holding a aniversiy degree (BSc, 
MSc, Diploma, DEA, Licenciatura, Laurea or equivalent), or who expect to be awarded with such qualification during the first half of 2008, are 
eligible to apply fo the Programme, Candidates should have an excellent academic record, fluid knowledge of English and previous research 
experience during their undergraduate period. Co-authorship of publications in indexed journals will be positively considered. 


The fdlowahips wil be asvarded oxi compattive beeix cind will ba renewable annually for tip to foo yeare, During the frat ts yours, siccasdtal 
candidates Will receive a fate canual stipend of 218, 650 plus cvane tine: payment €] S00:fo cover ayikoallanequs expenses suchas univataly fees. 
Duritg the third and fourth yet, the graduate students will receive q:contract witha grask annual salary of €26,700 plac: one time payment of 
€1,700. In addition, they will receive full health and occupational insurance benefits. Shortlisted candidates will be invited to visit the CNIO for an 
interview. 

Application Deadlines: First Call: March 31st, 2008 Second Call (if positions remain available): June 30th, 2008. 

All candidates must be selected by the end of July 2008. 
For further information and to apply visit www.cnic.es/PhD or contact the Training Office at PhD@cnio.es 
Centro Nacional de Investigaciones Oncolégicas (CNIO), Melchor Fernandez Almagro, 3- 28029 Madrid-SPAIN 


Tel: +34 91 2246900 Fax: +34 91 2246980 Web: www.cnio.es wier7nAM 


Invitation of Applications for Tenure-Track Positions at Hokkaido University 2008 
(Sapporo, Hokkaido, Japan) 


Unider the “Hokkzido University Leader Development System in the Basic Interdisciplinary Research Areas” project, we are inviting applications for 
Project Assistant Professors in 2008 tenure-track positions. We are recruiting young researchers who have the necessary qualities to become leaders of 
future basic interdisciplinary research areas. Both strong research abilities and comprehensive leadership abilities (planning skills, organizational 
skills, motivation and analytical skills and internationality) will be valued during personnel selection. Tenure-track appointees will be provided with a 

VDED ’ laboratory and will be obliged to actively participate in leader development programs. 


1..NO. or positions: Four Tenure-Track Project Assistant Professors (affiliated with the Hokkaido University Creative Research Initiative “Sousei”) in basic interdisciplinary 
research areas, 
The specific research fields covered by this recruitment are outlined on the homepage of the “Leader Development Station” (L-Station), which is the 
tenure-track supporting organization: 
hittp;//www.cris.hokudai.ac jp/|-station/ 


2. Terms of Employment: (1) Fixed-term employment as Project Assistant Professor until March 31, 2013. 
(2) A mid-term evaluation will be conducted in fiscal 2011 to determine whether appointees can continue in the tenure-track positions. A final 
evaluation will be performed at the end of the term to determine whether the appointees will be hired in tenure positions within the Hokkaido 


University hosting section. 

3. Qualifications: Candidates should hold PhD degrees (or corresponding degrees gained overseas). 

4, Research environment: The following research expenses are scheduled to be provided: Five million yen as startup expenses in the first fiscal year; three million yen in the 
second fiscal year; two million yen in the third fiscal year; and 1 million yen each in the fourth and fifth fiscal years. Approximately 50 m’ of research 
space in the Creative Research Initiative “Sousei" will be also provided. The open facility will also be available. 

*For more information about the open facility, see the following Website: http://www.cris.hokudai.ac.jp/opentacility/ 

5. Application deadline: Received on or before February 4 (Monday), 2008. 


6,Screening schedules: First screening - Late-February. 
Second screening and final decision - scheduled for late March. 


7. Starting date: ‘As soon as possible in or after April 2008. 
‘8. Where to submit application documents: 
Leader Development Station “L-Station” 
Hokkaido University Creative Research Initiative “Sousei" 
North 21, West 10, Kita-ku, Sapporo 001-0021 
Write “Enc. Application Form for Tenure-Track Positions; Field No. _” on the envelope and send it by registered mail. 


Applications ftom female scientists are also encouraged. 


9, For more information about research fields, please refer to the home page: 
httpy/www.crishokudai.ac.jp/l-station/ 
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nature | 
chemistry 


Associate Editors 


‘The Nature Publishing Group is pleased to announce the launch of Nature 
Chemistry in 2009. Following the success of Nature Materials, Nature 
Chemical Biology and Nature Physics, and given the strength of the parent 
journal Nature, we fully expect Nature Chemistry to seize the commanding 
heights of the chemistry-publishing landscape. 

Alongside the highest-quality original research, Nature Chemistry will cover 
news, commentary and analysis from and for the chemistry community, as 
well as striving to develop @ voice that chemists care about. 

As part of this exciting new publishing venture, we are now seeking three 
Associate Editors for Nature Chemistry, to be based in our London, Boston 
and Tokyo offices. 

Applicants should have a PhD in a chemistry-related discipline, with 
demonstrable research achievements. Although postdoctoral experience is, 
prefarred (not required), emphasis will be placed on broadly trained 
applicants with a good knowledge of the chemistry community. Key 
elements of the position include the selection of manuscripts for 
publication, and commissioning, editing and writing other content for the 
journal. Candidates who wish to be considered for the role in our Japan 
office must demonstrate a good understanding of the East Asian research 
communities (in particular Japan, China and Korea) as well as being fluent 
in English and preferably an Asian language (Japanese, Chinese or 
Korean). 

These are demanding and extremely stimulating roles, which call for a keen 
interest in the practice and communication of science. The successful 
candidates will, therefore, be dynamic, motivated and outgoing, and must 
possess excellent interpersonal skills. The salary and benefits, will be 
compatitiva, reflecting the critical importance and responsibilities of each 
position. 

Applicants should send a CV (including their class of degree and a brief 
account of their research and other relevant experiencs), a News & View 
style piece (no more than 500 words) on a recent paper from the chemical 
literature, and a brief cover letter explaining their interest in the post, salary 
expectations, and indicating whether they wish to be considered for a 
position in London, Boston or Tokyo. 

To apply please send your CV and covering letter, quoting 
Teference number NPG/LON/797 to Denise Pitter at 
londonrecruitment@ macmillan.co.uk 

The closing date for applications is Thursday 31st January 2008. 


nature publishing sroup hp 
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nature 


Head of Community 
Business Development 


During the last decade, scientific communication has undergone a 
revolution — most research information is now accessed online rather 
than in print. Nature.com is already one of the foremost scientific 
destinations on the web, with about two million registered users, and 
several milion visitors and many tens of millions of page views each 
month. As well delivering the unsurpassed scientific content for which 
the company is renowned, NPG's web presence also provides popular 
email and RSS alerting services, as well as a range of innovative and 
award-winning participative features. We are now seeking a 
commercially, technologically and scientifically astute individual to 
oversee the further development and integration of these services in 
order to maximize and realise their business potential. This person will 
play a central role in NPG’s evolution as a scientific communication 
company. They will be based in London or New York and will report to 
the Publishing Director, Nature.com, 


This role will focus on using online approaches to develop a better 
understanding of, and deeper relationships with, each of our users. By 
serving them better we intend ultimately to attract attention and usage 
from all professional scientists, and by using these services as the 
foundation for new businesses we intend to continue NPG's rapid 
evolution as an online scientific communication company. This role will 
involve line management responsibility for our existing soctal software 
teams, as well as the appointment of further staff in the areas of online 
marketing and web statistics. 


We are seeking someone with a clear strategic sense of how the web is 
evolving, sufficient technical knowledge to work closely with software 
developers, a clear strategic vision for the future of communities on 
Nature.com, and experience in developing, promoting and running 
successful participative websites. A demonstrable interest in science is 
essential; an educational background in science would be preferable. 


To apply, please send your CV and covering letter (quoting 
reference NPG/LON/774), stating your current salary to Kerrie 
Willsher, Personnel, Macmillan Publishers at 
londonpersonnel @ macmillan.co.uk 


Closing Date: 31st January 2008. 


nature publishing group 
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The CANARY ISLANDS OCEANIC PLATFORM (PLOCAN) seeks a 


SENIOR MANAGER FOR DIRECTOR 


‘The CANARY ISLANDS OCEANIC PLATFORM (PLOCAN) is a new faclity for oceanic 
research Science, created as a Consortium of the Spanish Ministry of Education and Science 
and the Canary Islands Government, as part of the implementation of the Spanish Research 

Infrastructures Roadmap. 
‘The Platform is located offshore, at the continental platform border in the proximity of Gran 
‘Canaria Island, where the Consortium headquarters is located. 

‘The Director reports to the Governing Council and is responsible for managing the Platform 
construction and operations, and for maximising its readiness and effectiveness for scientific 
research. The Director is responsible for recruiting and maintaining high quality scientific, 
technical and administrative staf developing an annual budget for review and approval, and 
proposing the short-and long-range plans for the Platform. 


Salary range and starting date are to be negotiated. 


Review of applications will begin on February 2008,and the recruitment 
vill remain open until the position is filed, 


‘Additional information of characteristics and conditions of the position on 


www.plocan.eu 
® 


decninas FEDER W121 730R 


UNIVERSITAT ZU KOLN 


The Institute of Genetics at the Faculty of Mathematics 
and Natural Sciences of the University of Cologne invites 
applications for the position of a tenured appointment as 


Professor (W3) in Genetics 


We seek individuals with a proven track record of research and international 
recognition in Genetics, particularly with respect to the biology of aging, sustained 
external funding, and teaching experience. The successful candidate is expected 
to complement the ongoing life science research programmes in Cologne, such 
as the Cologne Excellence Cluster on Cellular Stress Responses in Aging 
Associated Diseases (CECAD), as well as collaborative research centres (SFB 
572, 635, 670, 680) and to participate in the teaching programmes of the Bio- 
Cenire Cologne. 


The University of Cologne is an equal opportunity employer in compliance with 
German disability laws, Applications from women and disabled persons are 
particularly welcome. 


Applicants are requested to send a full curriculum vitae, a complete list of 
publications, a summary of current and future research interests, an outline of 
feaching experiences and collaborations, a list of external funding, copies of 
degree documents, and a selection of maximally five reprints by January 18, 
2008 to the Dean of the Faculty of Mathematics and Natural Sciences, 


University of Cologne, Albertus-Magnus-Platz, D-50923 Cologne, Germany. 


www.naturejobs.com 
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DUBLIN 
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NUL MAYNOOTH 


= DCU 


Centre for Applied Science for Health 


POSTDOCTORAL FELLOWSHIPS AT ITT DUBLIN 
Starting salary: €39,682 p.a. 
{INVESTIGATION OF HOST BACTERIUM INTERACTIONS IN THE LUNG (Code: ITT HEA PDD1) 
Far information, contact: Or Siobhin McClean ~ siothan.mecleansittdubin.e 
(or Di. Maire Callaghan ~ maire.calaghanGittdblin.je 
2. ELECTROCHEMICAL SENSORS FOR NEUROCHEMICAL DETECTION (Code: ITT HEA PD(2) 
Far information, contact: Dr. Ethne Dempsey ~ eltine.dempsey@tdublinie 
(or Di. Tim McCormac ~ Tin. mccormacittdubin ie 


RESEARCH ASSISTANTS BASED AT ITT DUBLIN 
Fixed term 24 month contracts. Salary scale: €23,000 to €34,000, 
1, Screening of compounds for antimicrobial effect, anti-cancer activty, and for cytotoxicity 
(Coder ITT HEA RAS) 
Far information, contact: Or Siobhin McClean ~ sicbhan.modeangittdubin 
(or Dr, Bernie Creaven ~ Berie.ceaven@itlublin.e 
2. Scale-up and Characterisation of Antimicrcbial Peptides Produced by Staphylowscais sp. (Code: ITT 
HEARA2) 
For information, contact Mr. John Behan ~ John.tehangittdubiinie 
(oF Dr. Mary Castell ~ mary.costelln@ dublin Je 


POSTGRADUATE RESEARCH STUDENTSHIPS BASED AT ITT DUBLIN 
Postgraduate students based at ITT Dublin regjster intially for a M.Sc. Funding is avallatle for three 
Yyeurs to facilitate transfer tothe PaD Regbter subjec to satisfactory performance in the frst 18 
‘months ofthe project. Anrual stipend €16,000 

4. Masters In Engineering - Bomedial Engineering (C HEA Met) 
Far information contact Ind, tcublin.e or gerard. yder@ktdublh.e 
2.MSci/ Ph. in Chemistry 
2. Synthesis of Bacterial Biofilm Inhibitors (Code: ITT Dubin HEA PGI) 
For information, contact: Dr Fintan Kelleher ~ firtan keller ittdublin.ie 
(oF Dr Adrienne Fleming ~ Adriennefleming@ittdublin.ie 
'. Design and Synthests of Coumarin-Based Agerts As Potential Treatments For Hospital 
‘Acquired Infections (Code ITT Dublin HEA PG2) 
For information, contact: Dr Maureen Waldh ~ Maureen.walsh@ittdubin 
(oF Dr Bernie Creaven ~ Bemie.creavengitdubline 


3.MScj Ph.D. in Biology 
1a Role of Growth Factors in Nadiating Metastatic Cancer Following Sandard Anti-Cancer 
Chemotherapy. (Cale: ITT HEA PG2; based at ITT Dublin) 
For information, contac. Dr Denise Egan ~ denise-egan@itidublinie 
1b. MSc. ~ Antiplatelet Therapy, Adenosine Metabolism and Stroke (Code: Cote: ITT HEA 
'MS2;_ Stipend €10,800 pa, for 21 months) 
For information, contact: Or: Denise Egan ~ denise.egan@ittdubline 
‘Dr Cominick McCabe ~ Dominick. micabe@amnch.e 
‘To appl for any of the above postions at ITT Dubin, send a completed application by email to: 
hhuman.resources@ittdutin. i or pos to HR ofice ITT Dublin, Old Blessington Road, Dubin 24, Irland. 
CCosirg date far recep of all applications s 17:00'p.m on January 28th 2008 


POSTGRADUATE RESEARCH STUDENTSHIPS AT AMNCH 
‘Successful candidates for postions at AMICK wil be expected to reiter for a PhD at Tiny Colege 
Dubin, 
1. Ph.D. in Biology (annual stipend: €16,000; based in AMINCH) 
2. Investigation Of Mechanisms Of Pathogenesés In lritable Bowel Syndrome 
(Code: AMNCH PG!) 
For information, contac: Or Nara O Sulvan (AMNCH) ~ mara osullvantede 
‘or Dr, Siobhan McClean (ITT Dublin) ~ siobhan.moclean@ittdublin.ie 
‘hAntinfecivestateges i biofim related infection (Code: AMNCHPG2) 
For information, contad: Po. Philip Murphy ~ Phllp.murghy damnch.c 
‘To apply for any of the above positions at AMNCH, send a detalled CV by email to the relevant contact 
person(s). Casing dae fr regal of al appleations i 17:00 am on January 23h 2308. 
POSTGRADUATE RESEARCH STUDENTSHIPS AT NUI MAYNOOTH 
~ Department of Chemistry 
(Annual stipend: €16 000) 
1-PhD, In chemistry 
‘a. Synthesis, Characterisation and Physiochemical Properties or Nove Quinolone Derivatives 
(Code: NUIM PGI). For information, contact: Dr. John Stephens ~ john.stephens@nuim.ie 
‘i Design, Development And Characterisation OF A Naw Biosensors Systems Far In-Vivo 
‘Neurochenical Montoring Of Energy Metzboltes (Code: NUIM PG2) 
For ifarmaton, conta: Prof. John Lowry = John Lewry@nuim.ie 
‘To apply for any of the above positions at NUL Maynooth, send a detailed CV by email to the relevant 
conta person(s) Casing dite for receipt of all applcatins is 17.00 p.m on January 25th 2008, 
Please note that appleants who ae selected for inteview may be ruled to travel to Dubth at ther own 
experse. ITT Dublin i an Equal Opportunities Employer. 
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.get your bearings with these Stanford School of Medicine 
Career Center (SoMCC) seminars presented by Naturejobs. 


Naturejobs and the Stanford Schoo! of Medicine have collaborated to bring you 
this video series featuring SOMCC “industry insights” and “Careers in Science” 
programs. This monthly series, delivered by top experts within the blomedical 
sciences and healthcare industries, will allow you to: 
‘OBTAIN OF THELATEST TRENDS AND FORCES SHAPING THE BIOSCIENCES 
GAIN VISIBILITY INTO THE DIVERSE SETTINGS WHERE BIOMEDICAL 
PROFESSIONALS ENGAGE 
LEARN FROM FIRST-HAND PERSPECTIVES OF THE FOREMOST LEADERS 
IN BUSINESS AND ACADEMIA 


Visit www.natureiobs.com/magazine/video to stream or download the 
following presentation: 
Convergence of Science, Banking, and Finance with MOS Capital, 
Nandini Tandon, Ph.D, MDS Capital 
How Should We Be Developing Drugs in the 21st Century?, Hal Barron, MD, 
Genentech 


And stay tuned for these seminars coming soon: 
Intellectual Property Management & Technology Transfer, Panel of Experts 
Science & the Madia, Donald Kennedy, PhD, Emeritus Professor, Stanford 
The Future of Personalized Medicine, with Agilent Technologies 


If you are interested to learn more about the SoMCC, please contact Suzanne Frasca, 
Program Coordinator, at (650) 725-7687 or someareers@stanford.edu. 
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naturejobs 


Head of Classified Advertising 


Classified advertising — in scientific jobs, events and other areas — is an 
established part of Nature Publishing Group’s business, but with very 
substantial growth potential. in particular, the migration of jobseekers to 
the web creates opportunities to exploit our established track record in 
online innovation, serving customers in novel ways and creating new 
business opporturities. We are now seeking a person to lead these 
developments. This position will be based in New York or London, with 
regular international travel required, and will report to the Publishing 
Director, Nature.com. 


The role will encompass line management of sales, editorial and 
technical colleagues, as well as providing strategic direction for the 
business. Some specific responsibilities include management of the 
established sales team in London and New York, development of 
compeling and profitable upsell offerings as part of Naturejobs’ 
‘freemium’ business model, develop new ways of engaging with 
jobseekers, event attendees and other important audiences, oversight of 
revenue and market-share growth in established markets such as the US 
and oversight of Naturejobs web operations. 


We are therefore seeking a candidate with a proven ability in sales, a 
sound and up-to-date knowledge of online trends, a clear strategic vision 
for the business coupled with sound tactical judgement, a strong 
leadership style and substantial experience in classified advertising, 
especially in an online environment. An educational background in 
‘science or medicine is also preferable 


To apply, please send your CV and covering letter (quoting 
reference NPG/LON/771), stating your current salary to Kerrie 
Willsher, Personnel, Macmillan Publishers at londonpersonnel@ 
macmillan.co.uk 


Closing Date: 31st January 2008 


nature publishing group 
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TU 


Technische Unvereitit Bartin 


fittiunicat 


The Cluster of Excellence (CoE) “Unifying Concepts in Catalysis” in Berlin seeks for 3 ful 
professorships with tenure (W3): 


Full Professorship "Biocatalysis" (TU Bet 
Full Professorship "Functional Materials” (TU Berlin) 
Full Professorship "Structural Biology/Biochemistry" (HU Berlin) 


1) AFul Professorshipin Biocatalysis (Salary/ Bes.Gr.W3) (isopenedinthe Insitute of Chemisty, 
Faculty ll- MathematicsandSciences ofthe Technische Universitat Bertin 

‘The suocesstul candidate will take over teaching responsibilities within the Bachelor and Master 
programme in Chemistry, including coursesin Molecular Biology and Bio-chemistry, and isexpected 
{o strengthen the fled of "Biophysical and Biological Chemistry" as an eptional part ofthe Master 
programme. Research acthites should fe in a modern field of Biocatalysis such as structure- 
function analysis of metalloenzymes, combinatorial biosynthesis, or genome mining, Participation in 
theClister ofExcellence “Unifying Concepts in Catalysis” isexoected. 

2)A Full Professorship in Functional Materials (Salary / Bes.Gt. W3) is opened in the Insttute of 
Chemistry, Faculty Mathematics and Solences ofthe Technische Universitat Bertin. 

‘The successtul cancidate will take over teaching responsibilities within the Bachelor and Master 
programme in Chemistry and is expected to strengthen the fields of “Materia Chemistry” and 
“Catalysis and Synthesis” as optional parts of the Master programme. Research activities should fe 
ina modern field of Functional Materials such as nanostructured and mesostructured materals, 
hybrid materials, set assembied orbiomimetic materials Participation inthe Cluster of Excelence 
“Unifying Concepts in Catalysis” isexpeced. 

Candidates for 1) and 2) must fll he requirements for professorship appointments according o § 
100 of the Beriner Hochschulgesetz (BerlHG), and should have teaching experience and an 
outstanding esearch record 

The Technische Universitat Berlin envisages to ensure equal opportunity for men and women, 
applications fom female candidates with thea dvertised qualficatinnsareexplicity solicited Incase 
‘of qualifications of thesame standards, seriously handicapped persons willbegven preference. 
Please send your written application with no. of advertisement within 4 weeks to the following 
address: 

Prisident derTechnischen Universitit Berlin 

Fakultatl-Institutfl Chemie-Sekt. TC 

‘Strasse des 17, Jun 124 

D 10623 Berlin 

3) The Faculty of Mathematics and Natural Sciences|,Instkute of Biology at Humboldt-Universitt zu 
Berlin HU) invites applications from scientists with experience in research and leaching fora Full 
Professorship for Structural Biology/Biochemistry (Salary/ Bes.Gr. W3) atthe earliest possible 
We wil consider applicants with an established tack record in any aspect of Structural Biology 
though preference may be given to applicants whose research complements existng research inthe 
department and the Cluster of Excellence “Unifying Concepts in Catalysis". The Professor is ex- 
pected to demonstrate a strong commitment to excellence in teaching ‘Blochemisty in under- 
‘graduate and graduate programmes for bidogy, biophysics and catalysis students. The successful 
candidate Is expected to partidpate in existing international research projacts such as the 
“integrative principles of Catalysis", and the Collaborative Research Centres (SFB 429 "Molecular 
Physiblogy, Energetics and Regulation of Primary Plant Metabalism’, SFB 498 ‘Protein cofactor 
interactions’, SFB 740 FromMolecules to Nodules: Organisation and dynamics ol functional units in 
‘colls’)andthe Interdisciplinary Cente for Biphysicsand Bioinformatics athe Humboldt Universitat 
zuBetlin. 

Applications shouldinclude a curriculum vitae, lists of publicattons and previously taught courses, 
statement of research and teaching interests and upto fv selected publications and are to be sent 
with above reference number PR/027/07 wihin 4 weeks to: 

Humtoldt Universitatzu Berin 

Dekan derMathematisch-NaturwissenschaftichenFakultat | 

Prof. Dr. Christian Limberg 

Unterden Linden 6 

10098 Bertin. 

To acceleratathe process, applicantsare kindly requested to send their application materials bothin 
written form as well as electronically via the internet. For further details, see: 
https! www2.physik hurbertin.de/ssl/structbio/. Applicaton materials will not be returned. There- 
fore, youre requested to send only copies of alldoouments 

Applicants must mest the legal requirements for appoinments of professors in accordance with 
§ 100 of the “Beriner Hochschulgesetz’. Habilitation or documented evidence of equivalent 
scientificqualficationsisrequired, 

HUsan equal opportunity employer, committed to the advancementof individuals without regard to 
race, colour, region, sx, age, national origin, ethnicity, disability or any other protectedstatus. HU 
‘seeks toincrease the proportion of female faculty members. Thus qualified women are particularly 
‘encouragadto apply. 
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The Eastman Dental Institute 


Director of UCL Eastman Dental 
Institute Ref: EDI/08/01 


The Faculty of Biomedical Sciences at UCL is one of the world’s 
leading centres for biomedical research and teaching. The Dean, 
Professor Ed Byrne, seeks to appoint a new Director for the 
Eastman Dental Institute (EDI) to provide strategic leadership and 
help drive forward the Faculty's development plan. 


The EDI is a postgraduate dental school with a renowned 
international profile. It is committed to innovative, high quality 
research, excallence in graduate teaching and exemplary patient 
care in close collaboration with UCLH NHS Foundation Trust 
(UCLH). The new Director wilt 


* Bea strategic and entrepreneurial leader with vision and the 
ability to influence, combined with strong communication and 
interpersonal skills. 


© Develop a strategy to ensure that EDI supports UCL’s position 
at the forefront of international biomedical research and 
teaching. 


* Work with UCL and UCLH to ensure that the relocation of the 
Eastman to anew site supports this strategy, fostering strong 
relationships within the Faculty, UCL and UCLH. 


* Demonstrate experience of generating external income 
streams for teaching and research and be able to develop 
fruitful relationships with funding bodies, other organisations 
and the commercial sector. 


* Understand the complexities and issues associated with the 
provision of dental postgraduate education for the UKand 
overseas markets, and demonstrate experience in delivering 
and developing postgraduate education. 


Applications are invited from candidates with excellent 
managementand leadership skills. A standing as an eminent, 
internationally-renowned researcher and/or educator would be 
an advantage. 


The candidate brief and job description, including contact details 
for further information, can be downloaded from: 


http://Avww.eastman.ucl.ac.uk/about/Vvacancies/index.html 
Closing date: 29th February 2008 


We particularly welcome applicants from an ethnic minority as 
they are currently under-represented within UCL at this level. 


This is in line with Section 38 of the 
Race Relations Act 1976. east an =, 
tusTiTuTE 
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International Risk Governance Council 


wien2ah 


Risk Research Associate 


Based in Geneva, Switzerland, the International Risk 
Governance Council (www. irgc.org) seeks a research associate 
with a PhD and experience in risk assessment, risk 
management and risk regulation. The successful applicant will 
focus on supporting two IRGC projects. The first explores and 
explains deficits in global risk governance and links these 
deficits to major global risks. The second involves a review of 
different regulatory approaches and seeks to develop 
recommendations for alternative regulatory strategies for 
diverse risk types. In addition to demonstrable knowledge of 
the fields of work, we require a high standard of written 
English and the ability to work independently. 


To apply for this position, please send a cover letter, résumé, 
writing samples and names of three references to: 


Christopher Bunting i 
Secretary General irge) 
at info@irgc.org Intemational risk governance council 
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Join WHO/TDR’s innovative 


drug discovery networks 


Seeking new medicinal chemistry 
centers in academia or industry. 


Join a growing international North/South network for the 
discovery of new drug leads for infectious diseases of poverty. 
We are looking for investigators and institutions who can 
provide bench space and guide postdoctoral chemists in 
synthesizing compound analogues to explore structure 
activity relationships and optimize anti-parasiticactivity 

of available TDR coumpounds. 


The fellows will be supported by TDR grants covering salaries 
and reagents initially for one year. Selected institutions 

‘or companies will work as part of the existing medicinal 
chemistry network and will interact with the TDR compound 
evaluation and DMPK networks. 


Applications from institutions and companies in 
developing countries are strongly encouraged. 


Application deadline: January 25,2008 


For complete details and application, visit: 
www.whaint/tdr/grants/grants/bi3, letter 
‘or €-mail Dr Solomon Nwaka at:nwakas@who.int SF 
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nature 
nanotechnology 


Associate Editor(s) 


Nature Nanotechnology is a prestigious journal covering all 
areas of nanoscience and technology. We have exciting 
opportunities available for a chemist and a physicist/materials 
scientist to join our editorial team as Associate Editors. 


These are demanding and intellectually stimulating positions. 
Applicants should have a PhD and preferably post-doctoral 
experience in an area of chemistry or physics/materials science 
telated to nanoscience and technology. Broad scientific 
knowledge and good word skills are essential. 


The successful candidates will work closely with the Editor on all 
aspects of the journal including manuscript selection, and 
commissioning, editing and writing other content for the journal 
and its website. Liaising with the international nanoscience and 
technology community is a central part of both jobs and the 
successful candidates will be expected to attend conferences 
and visit laboratories around the world. The positions will be 
based in our London or Boston offices. 


Applicants should send a covering letter (including their 
salary expectations), a CV, and a News & Views style piece 
(600 words or less) about a recent paper (or papers) in 
the literature to Denise Pitter, Personnel Assistant at 
London.recruitment@macmillan.co.uk Please quote 
reference number NPG/LONI788. 


Closing date Thursday 31st January 2008. 


nature publishing group g 


a 
BIOMEDICAL RESEARCH FOUNDATION 


The Biomedical Research Foundation of the Academy of Athens invites 
applications for a faculty position at the 


ASSISTANT PROFESSOR LEVEL 


in “Molecular Biology and Genetics of ageing using the model organism. elegans”, Center 
for Basie Research II, Division of Genetics and Gene Therapy. 


Successful applicants should have a demonstrated track record in the use of the model 


organism C. elegens to study mechanisms of ageing. 


Applications should include a curriculum vitae, a statement of research interests, the 


names and addresses of three references, and should be sent by 4th February, 2008 to: 
Dimitris Thanos, Ph.D 
Biomedical Research Foundation 
‘Academy of Athens 
4, Soranou Efesion Street 
Atlens 11527, Greece 
Tel. 430-210-6597244 
Email: thanos@bioacademygr 


wisi 


Iniarr25h 


Medical 


MRC Epidemiology Unit, Cambridge 
PhD Studentships 2008 


The Medical Research Council Epidemiology Unit (www.mrc-epid.cam.ac.uk) 
invites applications for MRC funded PhD studentships in genetic 
epidemiology of diabetes and obesity genetic and environmental 
determinants of infancy and childhood growth, physical activity 
epidemiology, dietary and nutritional epidemiology, and the development 
and evaluation of interventions to promote physical activity and to prevent 
obesity and diabetes, and their consequences. 


‘The MRC PhD studentships are 3-year positions for those who already 
have a Masters in an appropriate scientific discipline. Opportunities exist for 
4-year studentships for those wishing to undertake the MPhil in 
Epidemiology/Public Health course in the first year of their PhD. 
‘The MRC PHD studentships include college and university fees and a stipend, 


The academic requirement for entry isa first or upper second class degree 
or equivalent. 


The MRC PhD studentships within this mult-disciplinary unit include 
diverse training opportunites for all aspects of research and encourage the 
development of both academic and generic research skills. 


Graduate students register for their PhD with the University of Cambridge, 
belong to one of its Colleges, and are trained at the MRC Epidemiology 
Unit Scudentships will commence in October 2008. 


Full funding for these positions is available to UK nationals and UK. 
residents. Partial funding is available to applicants from the European 
Economic area (EEA). Please refer to the MRC Student eligibility criteria at: 
heep://www.mre.ac.uk/Uslities/Documentrecord/index.htm?d=MRC002632 
for further information. 

Potential PhD students should send a full CV, a covering letter and 
contact details of two referees to: Graduate Studies, MRC 
Epidemiology Unit, Institute of Metabolic Science, Addenbrooke's 
Hospital - Box 285, Hills Road, Cambridge CB2 0QQ, UK or email: 
Graduatestudies@mre-epid.cam.ac.uk For enquiries about the 
studentships please email: Graduatestudies@mrc-epid.cam.ac.uk 
Closing date: I February 2008. 

Interview date: 29 February 2008. 


For further information about the MRC visit www.mreac.uk 
The MRC is an Equal Opportunities Employer 


‘Leading science for better health’ 
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s from Naturejobs 


Career article 


¢ Naturejobs Prospect: quick takes on career implications of current events 

¢ Naturejobs Special Report: examinations of jobs issues on both sides of the bench 

© Naturejobs Careers & Recruitment: discipline-by-discipline exploration of opportunities 
 Naturejobs Regions: tours of scientific hubs 

¢ Naturejobs Movers: traffic reports that follow high-profile scientific globe-trotters and sector-hoppers 


¢ Naturejobs Postdocs & Students: guides to taking a step toward a permanent position 


www.naturejobs.com 


naturejobs nature publishing group g 


making science work 


Head of Methods, 
Protocols and Products 


An area of particularly rapid recent growth for Nature Publishing 
Group (NPG) has come from the launches of two new titles, 
Nature Methods and Nature Protocols. NPG is now seeking a 
talented individual to lead them into their next phase, and to 
develop new businesses in the area scientific methods, 
protocols and products. This position will be based in either our 
New York or London office. 


The role will involve publishing responsibility for Nature 
Methods and Nature Protocols — including the continued 
development of their innovative business models. It will also 
encompass the development of related products and services 
in order to mest the information and other needs of scientists 
who conduct laboratory experiments. 


We are therefore seeking a candidate with a sound grasp of the 
ways in which scientists work, an up-to-date knowledge of 
online trends, a clear strategic vision for the business coupled 
with sound tactical judgment, excellent numerical and analytical 
skills and willingness, flexibility and energy in taking initiative 
and assuming responsibility, An educational background in 
science or medicine would be preferable. 


To apply, please send your CV and covering letter (quoting 
reference NPG/LON/773), stating your current salary to 
Kerrie Willsher, Personnel, Macmillan Publishers at 
londonpersonnel @macmillan.co.uk 


Closing Date: 31st January 2008 


nature publishing group @ 


N20e05R 


’ University of Oxford 


Department of Earth Sciences 


Research Associates/Fellows in Organic 
Geochemistry and Cosmochemistry 


The Department seeks to appoint an Organic Geochemist and a Cosmochemist 
to conduct and support research in geochemistry. The Department has a long- 
standing reputation for excellence in geochemistry, and is expanding its 
research programs following the arrival of Professor Alex Halliday. The 
geochemistry research programs include various aspects of earth, 
environmental and planetary sciences and are supported by a wide range of 
analytical instrumentation that provides Oxford with one of the best-equipped 
facilities in the world. We are saeking talented and enthusiastic individuals who 
are keen to work in a dynamic, interactive and technically innovative 
geochemistry research facility. The Research Associates/Fellows in Organic 
Geochemistry and in Cosmochemistry will form a very important part of the 
new research team being assembled at Oxford. 
Dependant on skills and qualifications, the successful candidates will be 
appointed either as a Research Associate (£26,666 - £32,796 p.a.), ora 
Research Fellow (£83,779 - £40,335 p.a.) The appointments will be for two 
years in the first instance. 
Letters of application with a full CV and contact detzils of three referees 
{at least one of whom should be a current or previous employer) should be 
sent to Caroline Hutchings, Department of Earth Sciences, University of 
Oxford, Parks Road, Oxford OX1 3PR or E-mailed to 
Caroline.Hutchings@ earth.ox.ac.uk and received no later than 17 January 
2008, quoting reference number DG/07/013 for Organic Geochemistry and 
DG/07/014 for Cosmochemistry post. 
Further Particulars are available from 
www.earth.ox.ac.uk/department/geochem.pdt 

As an Equal Opportunity employer, we positively encourage 

applications from people of all backgrounds 


WWw.0x.ac k/job 
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your job at TUDelft 


Assistant/Associate Professor of Physics 
Confocal Electron-Light Microscopy 


Imaging Scence & Technology 

PhD 

Working hours: Full-time 

Term of contract: Tenure-track or tenured as applicable 
Salary: Maximum of € 5670 per month gross with a 
full-time appointment 


The department is part of the Faculty of Applied Sciences. The professor 
should strengthen our research in imaging science and technology, spec 
fically in instrumentation and applications for high resolution microscopy. 
‘The first challenge is to lead the development of a combined electron and 
light microscope, where lab-on-a-chip technology will be used to mani- 
ulate biological specimens in the sample chamber, We seek a physicist 
with proven skill in instrumentation and in networking with users who 
have a biology background, Other responsibilities will include teaching and 
coaching students. 


Information and application 
For more information about the position please visit: 


www.jobsinDelft.nl 


wr2rease] 
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TUDelft 


The [ete ty Charitable Foundation: 


Sainsbury PhD Studentships in Plant Science 


Enhanced postgraduate studentships, each for four years, starting in October 2008, will 
once again be awarded by the Gatsby Charitable Foundation, one of the Sainsbury Family 
Charitable Trusts. Each of the supervisors below will select a candidate who will then 
compete at interview, with Sainsbury Undergraduate students, for one of up to four 
Sainsbury PhD Studentships. Interviews will be held in London on Friday, 7 March 2008. 
It would be expected that the studentship holder spends six months during their 3rd or 4th 
year at another university/instinute to gain additional experience, 


Interested applicants should wate, attaching a CY, before 25 January 2008, to one or more 
of the following: 

Do plants survive stress by destroying RNAs? 

Professor Brendan Davies, Centre forPlant Sciences, University of Leeds, 

Leeds LS29)T 

Emnil bhidavies@leeds.ac.uk 

Defining the role of the ABI4 transcription factor in the sugar regulated control of 
storage oil breakdown in Arabidopsis 

Professor lan Graham, Department of Biology (Area 7), University of York, 

PO Box 373, York YO10 SYW 

Emnil ing] @york.ac.uke 


Evolution of land-plant growth regulatory mechanisms 
Professor Nicholas P. Harberd, Department of Plant Sciences, University of Oxford, 
South Parks Road, Oxford OX! 3RB 

Emnil nicholas.harberd@ plants.ox.ac.uk 


Calcium signalling controlling responses to stress 
Professor Marc Knight, Instituie of Plant and Microbial Sciences, 
School of Biological and Biomedical Sciences, University of Durham, 
South Road, Durham DHI 3LE 

Emuil m.rknight@durham.ac.ak 


Defining the mechanisms of specificity in the sym mnalling pathway of legumes 
Dr Giles Oldroy¢, John Innes Centre, Norwich Research Park, Norwich NR4 7UH 
Emnil giles.oldroyd@ bbsre.ac.nk 


Investigating effector function and deliver 
Magnaporthe grisea 


the rice blast fungus 


Professor Nick Talbot, School of Biosciences, University of Exeter, 
Geoffrey Pope Building, Streatham Campus, Exeter EX4 4QD 


Emuil n,jalbot@exeterac.tk Urz0as1h 
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FACULTY 
Department of Structural Biology 


k 


St. Jude Childrens 
Research Hospital 


St. Jude Children's Research Hospital (SJCRH), a premier center for biomedical 

investigation located in Memphis, Tennessee, USA, is seeking to fill two faculty positions in 

the Department of Structural Biology. Research in the Department is highly interactive within the 

hospital and centers on understanding the molecular basis of biological processes and human diseases, 

Examples of ongoing research include mechanistic studies of protein degradation, cell cycle regulation, 

‘tumor suppressor function, signal transduction, transcriptional regulation, DNA repair, structure-based drug 

design and lipid metabolism. A wide range of structural techniques are available in-house, including X-ray 

crystallography, NMR spectroscopy and high-level computing. Regular access to synchrotron radiation is 
guaranteed through membership of SER-CAT at the Advanced Photon Source. 


SICRH is a hospital and basic research institute that focuses on the fundamental causes and treatment of 
catastrophic childhood diseases including cancer, infectious diseases and genetic disorders. Founded by Danny 
Thomas in 1962, the hospital currently includes some 150 basic and clinical investigators organized into a 
environment. The research environment at SICRH eractive, with opportunities to 
collaborate with investigators in other Departments, including Biochemisty, Chemical Biology and Therapeutics, 
Developmental Neurobiology, Genetics and Tumor Cell Biology, Hematology, Oncology, Immunology, Infectious 
Diseases, Molecular Pharmacology, Pathology and Pharmaceutical Sciences. All investigators have access to state- 
of-the-art core facilities that include proteomics, genomics, bioinformatics, imaging, protein production, molecular 
synthesis and high throughput small molecule screening. SICRH coniinues to receive support through the 
fundraising efforts of the American Lebanese Syrian Associated Charities (ALSAC). 


The candidates will be expected to develop independent and funded research programs and to eventually become 
established investigators within the hospital. They will have interests in apply ng structural/biophyysical methods to 
adress fundamentally important biological questions. It is expected that one position will be filled by an X-ray 
crystallographer, and the second by an NMR spectroscopist. The new positions will be supported by generous 
startup funds and personnel. Candidates should haye a Ph.D. and/or MD degree, at least three years of relevant 
postgraduate experience, and a demonstrated track record of productivity. Applicants should send a curriculum 
Vitae, a 1-2 page summary of research interests and future plans, and the names of three references to: 
Dr, Stephen W. White, Chair, Department of Structural Biology, St, Jude Children's Research Hespital, 


332N. Lauderdale St., Memphis, TN 38105. 


wwwstjudeorg 


St. Jude is an Equal Opportunity Employer and a Drug Free Workplace. 
Candidates receiving offer of employment will be subject to preemployment drug testing and background checks. 


Nwi21130R 


Assistant or Associate 
Professor of 
Molecular, Cellular and 
Integrated Pharmacology/ 
Toxicology 
University of California, Davis 


Salary dependent on qualifications and experlence. 
PhD or equivalent with advanced training in 
pharmacology/toxiology or related field; teaching 
aptitude/experience/potential; potential to develop 
outstanding Independent research program that 
applies modern molecular, cellular, and In vivo 
technologies toward understanding _gene- 
environment Interactions. that Influence 
susceptibility to complex disorders of humans and 
animals; ability/potential to acquire extramural 
funding; excellent interpersonal and 
communication skils; ability to work with others in 
a collegial, team atmosphere. Desired (not 
required): DVM, MD or equivalent with strong 
research focus. To recelve fullest consideration, 
apply by February 25, 2008; open until filled. 
Submit 1) letter of Intent outlining special Interest 
In the position, overall related qualifications and 
experience and career goals; 2) curriculum vitae; 3) 
3 reprints, 4) names and addresses of three 
professional references to: 
Isaac Pessah, Dept Chair 

ym-mb@vetmed.ucdavis.edu 

Dept of Molecular Biosciences 

School of Veterinary Medidne 

University of California, Davis 

1Shields Avenue 
Davis, CA 95616 
http.//www.vetmed.ucdavis.edu/vmb/ 
mbiosciences.html 


E-mail applications preferred 
UCD Is an AAIEOE 
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CLINICAL PROGRAM MANAGER - 
CARE AND TREATMENT 


‘The U.S. Military HIV Research Program (USMHRP), 
supported by the Henry M. Jackson Foundation for the 
‘Advancement of Military Medicine, is e key contributor 
the President's Emergency Plan for AIDS Relef 
(PEPFAR/EMergency Plan) in Kenya, Nigetia, 
‘Tanzania, and Ugenda. This intemationally recognized 
program is seeking a dynamic physictan to manage 
USMHRP's clinical programs supporting the 
Emergency Plan. Ensure quality clinical services are 
Supported overseas (OCONUS) by the Waller Reed 
Army Institute of Research (WRAIR), as well as plan, 
implement and monitor clinical activities supporting 
the prevention, cere and treatment initiatives. Must 
have demonstrated knowledge and ability related to 
HIV pathogenesis and treatment (Initial infection to end 
stage disease pallative care); HIV transmission and 
prevention; Medical Education program development 
and management experience; Program monitoring and 
‘evaluation; Budget development, management and 
reporting; Excellent communication _skils; 
troubleshooting and supervisory skills. 

Must have a Medical (MO) degree with post medical 
graduate education in Interal Nedicine and fellowship 
In Infectious Disease or related. A minimum of 2 years 
‘of managing hospital based Infectious Disease service; 
field or clinical research experience Is desired; 3 to 5 
years of international work experience is preferred. 
Incumbent will be located at Rockville, Maryland offices 
and travel to researchiield as required on at least a 
semiannual basis, sponsored by the USMHRP to 
assist program personnel and lisise with on the ground 
U.S. government agencies. 

Please e-mail resumes to careers@hjt.org or fax to 
240-314-7334 with Job No. 203001 in subject line. 
The Henry M. Jackson Foundation for the 
Advancement of Military Medicine offers a 
competitive salary and generous benefits package, 
WEE nwi2t7i8A 


CHAIR 
DEPARTMENT OF 
MICROBIOLOGY AND 
MOLECULAR GENETICS 


UNIVERSITY OF 
PITTSBURGH 
SCHOOL OF MEDICINE 


‘The University of Pittsburgh School of Medicine is 
seeking a chair for the Departmeat of Microbiology and 
Mokcular Genetics. The department comprises 32 
primary faculty members with a focus on basic research 
in Microbiology, Molecular Biology, Virology, 
Biochemistry and Developmental Biology. In particular, 
candidates working within any area of Microbiology and 
Mokcular Genetics are encouraged to apply for the 
chair. The successful candidate will have an outstanding 
record of scholarship commensurate with appointment 
at the rank of Full Professor with tenare, and as the 
William S, McElroy Professor, 
‘The University of Pittsburgh School of Medicine is 
enjoying unparalleled growth in its research, clinical, 
and academic missions. Of more than 3000 institutions 
nationwide, the University of Pittsburgh is currently 
ranked 7th among educational and research institutions 
in NIH funding. The chair of Microbiology and 
Molecular Genetics will have an outstanding 
opportunity to add further to the growth of the basis 
biomedical sciences in the School of Medicine. 
‘The University of Pittsburgh is an affirmative action, 
equal opportunity employer. Women and members of 
minority groups under-epresented in academia are 
especially encouraged to apply. 
Please send a full curriculum vitae and bibliography to 
the MGG Chair Search Committee at: 
mng@medschoolpitteds  NW1219028 


DEPARTMENT OF CELL BIOLOGY AND 
PHYSIOLOGY 


UNIVERSITY OF PITTSBURGH SCHOOL OF 
MEDICINE 


‘The University Of Pittsburgh Schoo! Of Medicine is 
seeking a chair for the Department of Cell Biology 
and Physiology: The Department comprises 22 
tenure/tenure-stream faculty with a research focus on. 
cell polarity and the trafficking of proteins ard lipids, 
on the function and dysfunction of ion channels, on 
reproductive biology, and on signal transduction in 
diabetes and metabolism. The successful candidate 
must demonstrate an outstanding record of 
scholarship commensurate with appeintment at the 
rank of Full Professor with tenure, An outstanding 
startup package has already been committed for this 
position, and the person who holds this position will 
occupy the fully endowed Richard King Mellon Chair 
in Cell Biology and Physiology. 
‘The new chair wil ead a significant expansion of the 
department and will benefit fiom interactions with 
the Center for Biological Imaging and the University 
of Pittsburgh Cancer Institute, and the recently 
established Clinical and Translational Science 
Institute and Drug Discovery Institute, as well as with 
other research units within the School of Medicine. 
‘The University of Pittsburgh School of Medicine is 
enjoying unparalleled growth in its research, clinical, 
and academic missions. The University is currently 
ranked 7th among educational and research 
institutions in NIH funding and has doubled its NIH 
support in the last 10 years, 
Please send curriculum vitae and bibliography to the 
head of the CBP Chair Search Committee (Jeffrey 
L. Brodsky, Ph.D.) at jbrodsky@pitt.edu 
The University of Pittsburgh is an affirmative action, 
equal opportunity employer. Women and 
members of minority groups under-represented in 
academia are especially encouraged to apply. 
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@ STONY BROOK 


MEDICAL CENTER 


Stony Brook University Medical Center seeks highly qualified physician scientists 
(Assistant/Associate/Professor) to participate in developing the new Long Island 
Center for Clinical and Translational Sciences (LICCATS). This center will bring together 
clinicians and scientists from a consortium of major clinical and research institutions 
throughout Long Island to catalyze the translation of innovative ideas into improved 
clinical practice and human health. As the lead institution for this center, Stony Brook 
University has an extensive research portfolio. Ongoing initiatives include the recent 
launching of the New York Supercomputing Center and a newly created 246-acre 
Research and Development Park configured to house the Center of Excellence in 
Wireless and Information Technology and the Center for Advanced Energy, among 
other initiatives. LICCATS will leverage existing strengths in computational and 
stuctural biology, drug discovery and medical device design, nanotechology, and 
imaging to expand its translational medicine capacities. Selected candidates will hold 
faculty appointments in the appropriate School of Medicine department based on the 
incumbents’ area of expertise. Required: The successful candidate must have an M.D., 
be board eligible in their medical specialty, qualified for New York State licensure, and 
engaged in clinical/ translational research. Preferred: Preference will be given to can- 
didates with a track record of peer-reviewed NIH or similar scurce of funding. Qualified 
candidates with demonstrated abilities may be able to assume leadership positions 
within the institution, To qualify for an appointment as an Associate Professor or 
Professor, the candidates must meet the School of Medicine's criteria for Appointment, 
Promotion, and Tenure and must have an established reputation and record of research 
or scholarly activity. Competitive packages commensurate with qualifications and level 
cf appointment will be offered with salary, protected time for research, laboratory 
space, and funds to initiate research programs. Review of applications will begin in 
January 2008 and will continue until positions ave filled. Electronic submissions 

are preferred 

To apply online visit www.stonybrook.edu/obs or send a cover letter, C.V. 
names, and contact information for four references to: 

Marie Gelato, M.D., Fh.D., Professor of Medicine, Department of Medicine 

15-060 Health Sciences Center Stony Brook University, SUNY 

Stony Brook, NY 11794-8154 


Equal Opportunity/Affimnative Action Employer. nwizisean 


Harvard University 
Associate Dean 
for the Sciences Division 


This search seeks an implementing partner for the Dean for the 
Sciences of the Faculty of Arts and Sciences of Harvard 
University as he builds the new sciences division, improves its 
administrative systems, and undertakes a series of science 
initiatives. The division is expected to pursue objectives within 
existing departments and centers as well as themes that bring 
together scientists from across the University. This recently 
created position will manage administrative activities spanning 
eleven science departments plus several research centers. 


The Associate Dean position offers a significant opportunity to 
build an administrative career at the University. It reports to 
the Dean for the Sciences with a dotted line report to the 
Executive Dean of the Faculty of Arts and Sciences. The search 
is currently scheduled to conclude in the coming winter with a 
starting date as soon thereafter as possible. 


Inquiries, referrals, and resumes should be sent (electronic 
submission to 3482@imsearch.com encouraged), in 
confidence, with a cover letter to: Liz Vago, Internal Box 3483, 
Isaacson, Miller, 334 Boylston Street, Suite 500, Boston, 
MA 02116. 


For further information: 3482@imsearch.com and 
www.harvard.edu 
Harvard University is an equal opportunitylaffirmative action 
employer. Candidates from all backgrounds are encouraged 
to apply. 
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CHILO 


E FAMILY Centre for Molecular 
t 


Medicine and Therapeutics 


OVr 


THE UNIVERSITY OF BRITISH COLUMBIA 


The Centre for Molecular Medicine and Therapeutics at the 
University of British Columbia in Vancouver — “the world’s 
most livable city” — seeks applications for the following 
position: 


British Columbia Leadership 
Chair in Genetic Medicine 


This prestigious appointment, supported by the Leading Edge 
Endowment Fund, will provide a unique opportunity for an 
internationally recognized individual to perform research in 
an outstanding environment, enhancing the province as a 
leader in genetic medicine. The successful applicant will 
conduct innovative research that will generate new knowledge 
relevant to genetic contributions to illness or molecular 
determinants and mechanisms of disease and/or development 
of novel therapeutic approaches and technologies to improve 
diagnosis and a treatment for disease. 


The CMMT has a scientific mandate to ascertain cellular and 
protein function releyant to human disease as the key to 
improved diagnosis, treatment and prevention of health 
problems in children and adults. The CMMT includes 
outstanding infrastructure support such as a bioinformatics, 
expression profiling, DNA sequencing, genotyping, antibody 
production and world-class facilities for mouse genetics 
(transgenics, breeding and behavior testing) and the testing of 
experimental therapeutics in animal models of human disease. 
Located on the Children’s and Women’s Health Centre of BC 
site, the CMMT is one of the main programs of the Child and 
Family research Institute (www.cfri.ca), which provides 
comprehensive research, educational and core services to its 
various programs in an opportunity to interact with a broad 
spectrum of biomedical researchers. 


The successful candidate will be appointed as a member of 
the full-time faculty as Professor. The applicant should ideally 
hold an M.D. and/or Ph.D. degree or equivalent, demonstrate 
excellence in teaching and have a record of recognized 
accomplishment. Salary will be commensurate with 
qualifications and experience and is subject to final budgetary 
approval. 


LOOM GHiAMN Mysims /p://www.cmmtubcca 


Anticipated start date for this position is July 1, 2008. 
Closing date for all applications is January 31, 2008. 
Please send CV, names of four references, a brief 
statement of research interests, and a record of 
teaching effectiveness to: 

Janet Ferraro, Human Resources Coordinator, 
jferraro@cmmt.ube.ca CMMT, 

150 West 28th Avenue, Vancouver, BC VSZ 414. 


UBC and its affiliates hire on the basis of merit and are committed to 
employment equity. We encourage all qualified applicants to apply; however, 
Canadians and permanent residents of Canada will be given priority. 


Nwnet2edR 
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THE GEORGE WASHINGTON UNIVERSITY 


GUS WEISS PROFESSORSHIP IN 
THEORETICAL BIOPHYSICS 


‘The Department of Physics of The George 
Washington University invites applications for the 
Gus Weiss Professorship in Theoretical Biophysics, 
beginning in Fall, 2008. 

Basic Qualifications: Applicants must hold a Ph.D. 
in Physics or a related field, have a nationally and 
intemationally recognized and extemally funded 
research program in theoretical and/or computational 
biophysics, and demonstrate strong capabilities in 
teaching. 


Preferred Qualifications: Preference will be given 
to an individual whose research complements our 
current biophysics program, which focuses on three 
areas: (1) protein structure and function 
(2) multiscale modeling of cellular control, including 
biological aspects of networks, signaling, and energy 
production, and (3) immune-system modeling and 
viral dynamics. 


‘The successful candidate will provide leadership and 
vision for the growth of our biophysics proup as well 
as lead the effort to strengthen cross-campus 
interdisciplinary activities in quantitative systems 
biology. 
Application Procedure: Send a curriculum vitae, a 
research statement, and the names of four references 
to Prof. Mark E. Reeves (reevesme@ gwu.edu), Chair, 
Search Committee, Depariment of Physics, GWU, 
Washington, DC 20052. 
Only complete applications will be considered; their 
review will begin on February 1, 2008 and will 
continue until the position i filled 
The George Washingion University is an 
equal-opportunity arfirmative-action employer. 
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SCHOOL OF MEDICINE 


Department of Medicine 
Division of 
Cardiovascular Disease 


INSTRUCTOR 
OF MEDICINE 


The University of Alabama at 
Birmingham, Division —_ of. 
Carckovascular Disease is seeking 
applicants with a Ph.D. or M.D. for 
the position of Instructor. This is a 
non-lenure earning faculty position. 
Candidates must be capable of 
independently designing and 
conducting experiments. and 
preparing and submiting data for 
Publication. It is expected that the 
successful candidate will be able to 
secure independent extramural 
funding to support ongoing 
research. Individuals interested in 
this position should have 
experience in small animal surgery 
and be able to work in both in vitro 
and jn vivo. 

Interested candidates should send 
CV, three letters of reference, and a 
brief statement of your interest to: 
Robert C. Bourge, M.D., Director 
1900 University Bivd. 

UAB Station, Birmingham 
AL 35294 
UAB is an equal opportunity/ 
affirmative action employer. 


Nwi20se1R, 


nencorer 

Novo Nordisk 

Haemostasis Biology 

Research Scientist 

We are focused on understanding the 
biology of haemostasis, coagulation and 
fibrinolysis, wth special emphasis on 
functional espects of haemostatic proteins. 
The goal isto develop novel protein 
therapeutics for treatment of haemophiia 
You hold a Ph.D/equivalent degree and 
have solid experience with biological 
assays, Ref: NN37572 Research Scientist. 


font | 
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c Forsctungszertrum Karlruhe 
Inder Helmnots-Camalnachat 


Forschungszentrum Karlsruhe 
Special field: Nanotechnology 

Scientist (mf) 

Main tasks within the framework ofthe EU 
Project "NANOHY’ are synthesis, 
functionalisation and characterization of 
nanocarbons and nanocomposites by using 
physisorption, X-ray diffraction, vibrational 
spectroscopy techniques, and thermal 
‘analysis; works done under inert conditions; 
threeyear fxec-teim contact. 
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CHARITE 


UNIVERSITATSMEDIZIN BERLIN 


Gliedkérperschaft der Freien Universitat und der Humboldt-Universitat zu Berlin 


The Medical Faculty of the CHARITE - UNIVERSITATSMEDIZIN 
BERLIN Charité Centrum 2 (Institute for Biochemistry, CCM 
and Institute for Biochemistry and Molecular Biology, CBF) 
invites applications for the following positions: 


2 Tenure-Track Professorships 
in Biochemistry (BesGr. W2) 


(Code number: 10.07) 
® Area of responsibility: The fied of biochemistry in research and teaching 


» Qualifications: A postdoctoral thesis (Habilitation) or the equivalent are 
required according to § 100 of the Berlin Higher Education Act (BeriHG) 


® Requirements: We are looking for enthusiastic and highly motivated 
individuals with outstanding track records in any area of biochemistry, 
cell biology and/or molecular biology. Experience in the acquisition, 
administration and application of extramuurally funded projects is expected. 
The candidates’ research interests should be compatible with the Charité 
scientific program (www.charite.de). They must be willing to closely 
cooperate with the scientific departments of the Humboldt Universitat 
zu Berlin and the Freie Universitat Berlin as well as extemal university 
institutions and research associations. 


The candidates should have excellent didactic skills and a high dedication 
to teaching. Experience in imparting knowledge in biochemistry to 
undergraduate medical students is desirable. 


The positions are tenure track: they are intially limited to 5 years with options 
for extension or tenure depending on positive evaluation. 


Applications of women are specifically invited. In the case of equivalent 
qualification, competence, and specific achievements, women will be 
considered on preferential terms within the framework of legal possibilities. 


Handicapped candidates with equivalent qualifications will be given preference. 


Applications should be sent within 4 weeks after publication of this 
advertisement including a CY, list of grants and publications, a summary of 
current and planned research objectives and other relevant material (see: 
http://www.charite.de/jobs/prof.html) to: Charité - Universitatsmedizin 
Berlin, Der Dekan, Prof. Dr. Martin Paul, Charitéplatz 1, 10117 Berlin, 


University of Oxford 


DEPARTMENT OF EARTH SCIENCES 


Research Associate/Fellow in 

Mass Spectrometry 

‘The Depariment seeks a Research Associate or Fellow in Mass 
Spectrometry to conduct and assist research in the Department of Earth 
Sciences of Oxford University. 

The geochemistry research programs include various aspects of earth, 
environmental and planetary sciences and are supported by a wide range of 
analytical instrumentation that provides Oxford with one of the 
best-equipped facilites in the world, With new laboratories recently 
constructed and the acquisition of further mass spectrometers, we seek 
talented and enthusiastic individuals to maintain and develop a range of 
mass spectrometers and whe are keen to work in a dynamic, interactive and 
technically innovative geochemistry research facility. 

Dependant on skills and quaifications, the successful candidate will be 
appointed sither as a Research Associate ( £26,666 - £32,796 paa.), ora 
Research Fellow ( £33,779 - £40,335 pa). The appointment will be for three 
years in the first instance. 


Letters of application witha full CV and the name and address of three 
referees (at least one of whom should be a current or previous 
employer) should be sent to Caroline Hutchings, 
Department of Earth Sciences, University of Oxford, Parks Road, 
Oxford OX1 3PR or E-mailed to: caroline.hutchings@earth.ox.ac.uk 
and received no later than Thursday 17 January 2008, quoting 
reference number DG/07/015. Further particulars are available from 
www.earth.ox.ac.uk/depariment/massspec.pdf 
‘As an Equal Opportunity employer, we positively encourage 
applications from people of allackgrounds urzw7A 


ww.ox.ac.uk 


"in der Mathematisch-Naturwissenschaftichen 
Fakultat der Heinrich-Heine-Universitat ist eine 


# Fg, HEINE 
UNIVERSITAT 
DUSSELDOR: 


W3-Professur 
fiir Mikrobiologie 
(Nachfolge Prof. Dr. C. Hollenberg) 


zum 01.10.2008 u besetzen. 


> Die Bewerberinnen/Bewerber sollen in aktuellen 
Gebieten der eukanotischen Mikrobiologie forschan. 
Eine Mitarbett in den relevanten Forschergruppen 
und Sonderforschungsbereichen der Heinrich-Heine- 
Universitat Diisseldorf und/oder im Zentrum fiir 
Mikrotialle Botechnologie am Forschungszentrum 
Julich wird erwartet, In der Lehre soll das Fach 
Mikrobiologie in den Studiengingen von Biologie, 
Biochemie und Medizin anteilig vertreten werden. 


> Einstellungsvoraussetzungen sind neben den 
allgemeinen dienstrechtichen Voraussetzungen 
gam. § 36 des Gesatzes Uber dle Hochschulen des 
Landes Nordhein-Westfalen insbesondere péidago- 
gische Eignung, besondere Beféhigung zu wissen- 
schafticher Arbelt sowie zusditziche wissenechaft- 
che Leistungen. 


> Die Universitit strebt an, den Antell der Frauen 
‘am wissenschaftichen Personal zu erhohen, und 
begriiBt daher besonders Bewerbungen von Wis- 
senschaftlerinnen 


= Die Heinrich-Heine- 
Universitat bildet mit 
iiber 16.000 Studen- 
tinnen und Studenten 
den Schwerpunkt des 
Hochschul- und Wis- 
‘senschafisstandortes 
Diisseldorf. 


> Mit ihren fiinf Fa- 
kultaten, der Juristi- 
schen Fakultat, der 
Medizinischen Fakul- 
tat, der Philosophi- 
schen Fakultit, der 
Mathematisch-Natur- 
wissenschattlichen 
Fakultat und der Wirt- 
‘schaftswissenschatt- 
lichen Fakult&t, fordert 
sie die enge interdis- 
Zipinare Zusammen- 
arbeit auf regionaler 
und internationaler 
Ebene. Frauen werden bei gleicher Eignung, Befatigung 
und fachiicher Leistung bevoraugt berticksichtigt, 
sofern nicht in der Person eines Mitbewerbers 
legende Griinde tiberwiegen. 


Die Bewerbung gesigneter Schwerbehinderter ist 
erwinscht, 


> Bewerbungen mit den dblichen Unterlagen, einer 
Ubersicht der Drittmittel der letzten 5 Jahre, den 
‘Sonderdrucken von 5 ausgewahiten Publikationen 
sowie diner kurzen Darstellung der bisherigen Lehr- 
‘tigkelt und der Forschungsperspektive werden 
bis zum 15.02.2008 an die unten stehende Adresse 
erbeten. Wir bitten, die kompletten Bewerbungs- 
unterlagen in Papierform wie auch als PDF-Datel 
einzureichen 


Dekan der Mathematisch- 
Naturwissenschaftlichen Fakultat 

der Heinrich-Heine-Universitat Diisseldort 
Universitatsstr. 1 - D-40225 Disseldort 


wi213635] 


UNIVERSITY OF 
CAMBRIDGE 


www.cam.ac.uk/jobs/ 
A world of opportunities 


Research Associate 


Department of Oncology 
£25,134 - £32,796 pa 
Limit of tenure: Three years 


‘You will work in the Cell Cycle and Development Group housed within the 
Hutchison/MRC Research Centre. The laboratory aims to study the regulation 

of cell cycle and differentiation during early embryogenesis in both Xenopus 
embryos and mammalian cells, as a basis for understanding how these processes 
are regulated in normal development and how they are perturbed in cancer. 

You wil be given the opportunity to work on a project investigating 
Ubiquitin-mediated proteolysis of a key transcription factor that drives 
cifferentiation of the endactine pancreas. The project will involve biochemical, 

call biological and emibryoiogical techniques. You must have a PhD in molecular 
cell biology o related subject, and experience of biochemistry, cell culture 
and/or embryology would be a significant advantage. Good written and oral 
‘communication skils are essential, and a proven track record of published 
research is highly desirable 
Requests for further information, and informal enquiries, should be 
addressed to Dr Anna Philpott, e-mail: ap113@cam.ac.uk 

Completed applications consisting of a PD18 form (please complete parts 
1, la, II), CV and the names and addresses of two referees should be sent 
to Judith Nial via email: jIn23@cam.ac.uk or to Department of Oncology, 
Hutchison/MRC Research Centre, Box 197, Hills Road, Cambridge, CB2 OXZ. 
Please quote reference: RDO2784. Closing date: 1 February 2008. 


The University is committed to Equality of Opportunity. 


urzt402n| 


ALBERT-LUDWIGS- 
UNIVERSITAT FREIBURG 


At the Faculty of Medicine of the Albert-Ludwigs-University of Frei- 
burgi.Br.a 


W3 professor position 
(successor of Prof. Dr. Fleckenstein-Griin) 


is available immediately. The position is located within the Department 
| of the Institute of Physiology (Head of Department: Prof. Dr. Peter 
Jonas). The person to be recruited is expected to have a research focus 
in Cellular Neurophysiology and to participate in the new Collabora- 
tive Research Center 780 “Synaptic Mechanisms of Neuronal Network 
Function”. 


Applicants should have a final exam in Natural Sciences or Medicine, 
MD or PhD degree, and habilitation or equivalent scientific qualification. 
The new professor is expected to contribute to teaching in Physiology 
and to organize the practical course Physiology for medical students, 


Internationally recognized research achievements, funding, experience 
in leading a research group, and experience in supervision of MD and 
PhD students are expected. Teaching expertise in all areas of Physio- 
logy is required. 


The W 3-position is tenured. However, in accordance with the State 
University Law (LHG), if this is the candidate's first appointment to a 
professorship, employment will be initially limited to three years with 
prolongation subject to evaluation, Exceptions are possible, particular- 
ly in the case of applications from abroad or from a non-academic 
institution. 


The University of Freiburg is an equal opportunity employer. Applica- 
tions of women are sirongly encouraged. Handicapped candidates 
with equivalent qualifications will be given preference as well, 


To obtain application forms, please send an E-Mail to 
dekanat-professuren@uniklinik-freiburg.de. Completed applications 
together with all pertinent documents should be sent no later than 
February 15 th,2008 to the Dean of the Faculty of Medicine, Prof. Dr. 
med, Christoph Peters, Albert-Ludwigs-University, D-79085 Freiburg, 
Germany (Phone: ++49-76 1 270-7235/7234, Fax: ++49-761-270-7236). 


Universitaitsklinikum 
Hamburg-Eppendarf 


‘The Faculty of Medicine of the University of Hamburg - Centre for Molecular 
Neurobiology (ZMNH) - invites applications for the position of a 


Full Professor (W3) for 


“Molecular and Cellular Neurobiology” 
Vacancy NO. FB04-78/3 


‘The appointed scientist wil be Director of the institute for Developmental 
Neurobiology and wil be involved in research and teaching. 


Possible areas of research preferably include neurodegeneration, 
neuroregeneration, molecular mechanism in cognition, metabolism in the nervous 
system, 


‘Teaching (4 hours per week) will be within an existing molecular biology graduate 
program 

Tha ZMNH comprises five institutes (Develoomental Neurobiology, 
Neuropathobiclogy, Neuronal Signal Transduction, Biosynthesis of Neuronal 
Structures, Neuroimmunology and Clinical Muitiple Sclerosis Research), currently 
four independent junior research groups, and six central service units (mass 
spectrometry, morphology, DNA sequencing, transgenic mouse facilty, library, 
‘and computer group). For more information see http:/www.zmnh.uni-hamburg.de 


Conditions of employment: The position is open to German and foreign 
nationalities. Experience in leading a research group and in raising grant money 
is required. 


The University of Hamburg is committed to employment equity and women are 
particularly encouraged to apply. Applicants with disabilities will be preferentially 
considerad within the current legal regulations. 


Employment wil be according to the regulations of the University of Hamburg (515). 
Applications with cy, list of publications, current research funding, teaching 
‘experience and a short outine of planned research projects should be subrnitted 
in triplicate by February, 4th 2008 quoting the number FB04-78/3 to the Dean 
of the Faculty of Medicine cf the University of Hamburg, Fakultatsservice -SV-, 
Martinistrae 52, 20246 Hamburg/GERMANY. ene 
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14|NATUREJOBS|3 January 2008 


Bringing jobseekers and 
recruiters together. 


Academic + Industry » Government 


events - announcements - prospects - regions - careers & recruitment 
spotlight - special reports - job channels + focus « movers 


Search now at naturejobs.com 


naturejobs nature publishing group g 


making science work 


Head of Publications 


Location 

Tho BIPM (Intemational Buroau of Weights and Measures) in Sévres, France, is an 
Intergovernmertal organization whose mandate is to provide the basis for a coherent system of 
measurements throughout the world, traceable to the Intemational Systam of Units (S). Ithas an 
Intemational staff of over 70 and an annual budget of about 10 milion euros. Further information 
about the BIPM and Metrologia can be found on the website: mwnw.bipm.org 


‘The closing date is 25 January 2008 


Duties 

‘The BIPM has two main groups of pubsication: one is a contiwing series of reports of meetings on 
metrology held at the BIPM; the other is Metrologia, an intamational journal with an Impact Factor 
of 1.657, dealing with pure and applied metclogy. Sinca 1 January 2003, Metroogia has been 
Published in partnership with the Institute of Physics Publishing (UK) 


‘The Head of Publications is Editor of Metrologia, and in addition has an important role in the 
intemal review of BIPM staff publications prio to thelr submission to external journals in the open 
scientific teratue, 


‘The appointee is moreover expected fo taka an active Interest in ard to offer advice on, and take 
Partin, the promation cf the BIPM's sceentiic programe using the wab and other suitable media 


‘The Head of Publications is supervising the Publications section, wich comprises three addicnal 
staff: a full time webmaster with responsibly for the BIPM websil, and the BIPM's IT group, 
currently stafed by two specialists 


Qualifications 
Applicants should have: 
‘+ a PD anda broad knowledge of the physical sciences; 
‘+ an extonsive experionce as a research pysicist or chenist as wall as some direct knowledge 
ofthe editorial aspects of journal publication 
‘an excellant knowledge of Engiish and a workhg knonedge of French, sinoa many BIPM 
publications are blingual; 
‘= management experiance; 
+ an awareness of IT networks and systems; 
+ the abilty o work in muficutural environment and to maintain good working relations inside 
and outside the organization. 


Employment conditions 
The BIPM offers salaies and tarms of employment in accordancs to its Staff Rulas, vhich is 
comparabs to those ef other inlamatonal organizations based in Franca and operates it own 
contibutory pension scheme, 


Applications 
The BIPM encourages applications from both women and men with relevant qualficatons. A full 
Curriculum Vitas (C.V) and covering latter - including the namas of two refarsas who will be asked 
{© comment upon the canckdale's sutabilty for the post - should be ser by paper mal to the ge 
Director, BIPM, Pavillon de Bretoul, F-22312 Sevres Cedex, Franco, by 25 January 2008, 


‘The successful applicant would be expacted to take up the pestion before the end of April 2008, 


Corrosive, uncompromising 
opinions and views on 
workplace issues 

affecting YOU 


Head of Online User 
Experience 


Nature.com is one of the foremost scientific destinations on the 
web. As well delivering the unsurpassed scientific content for 
which Nature is renowned. It also provides a range of innovative 
and award-winning services, including databases, blogs, 
discussion forums, document-sharing services and podcasts. This 
explosion of online creativity reflects NPG’s strong believe that the 
new online world can be harnessed to support scientific 
communication in a wide variety of ways that have not been 
possible before, and that many of these represent new business 
opportunities. We are now seeking a technologically and 
scientifically astute individual to coordinate these activities for the 
benefit of scientists, and hence to create the definitive online 
scientific service. This position will be based in either our London 
or New York office. 


This role will focus on maximising the usefulness of Nature.com 
and NPG’s other websites. As such, it will involve acting as the 
scientists’ representative within the company for issues of online 
usability, and working across internal departments to implement 
new or improved online features. The person responsible will need 
to understand in detail how professional scientists use information, 
and how Nature.com can serve these needs more effectively, with 
the ultimate aim of increasing usage and user satisfaction. 


We are therefore seeking a candidate with a detailed knowledge of 
best practice on the web, a general familiarity with the benefits and 
limitations of key web technologies, the ability to work effectively 
with a wide variety of colleagues at every level, and willingness, 
flexibility and energy in taking initiative and assuming 
responsibility. A demonstrable interest in science is essential and 
an educational background in science would be preferable. 


To apply, please send your CV and covering letter (quoting 
reference NPG/LON/772), stating your current salary to Kerrie 
Willsher, Personnel, Macmillan Publishers at 
londonpersonnel@ macrmillan.co.uk 


Closing Date: 31st January 2008 


ature publishing group 
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Medical 


Resea’ 
Council 


MRC Integrative - Toxicology Training 
Partnership (ITTP) 


‘The Medical Research Council is launching a new initiative aimed at improving 
and securing capacity in toxicology. The emphasis of the ITTP will be on aligning 
modern cell and molecular biology with other fundamental and health-related 
disciplines relevant to Toxicology to provide an integrated approach to 
research and training 


Funding for up to 6 PhD/DPhil Studentships and 2 Career Development 
Fellowships is available for 2008. The studentships will be of 4 years duration 
and will include taught courses in a wide range of aspects of toxicology as well as 
pertinent advances in molecular sciences. The programme will be managed by 
the MRC Toxicology Unit, University of Leicester, UK. 


Applications are sought from academic departments, MRC Institutes 
and Units, and charity-funded institutes. Collaborative partnership 
between researchers across disciplines and universities and other 
relevant organisations, including industry and Government agencies, 
are particularly encouraged. 


Application forms and further details are available at 
hetp:liwww.le.ac.uk/mretox/MRCToxiittp.htm. Further information can 
be obtained by contacting Dr Andy Smith at ags5@le.ac.uk 


Closing dates for receipt of completed applications for Studentships 


are 31st January 2008 and Fellowships 31st March 2008. 
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deafness research uk 


UCL The Ear Institute 


Senior Research Associate 


“Opportunity for emerging Pls in hearing research” 


The UCL Ear Institute is a multi-disciplinary facility which opened 
in January 2005 with the remit of ‘understanding hearing and 
fighting deatness”. Following the successful appointment of two 
Deafness Research-UK Research Fellows, the Institute is looking 
torecruit a third new investigator for a 3-year Senior Research 
Associate position, available from September 1st 2008. The 
successful applicant will be given support and encouragement to 
obtain external funding during the term of the appointment with 
the aim of becoming a principal investigator at the Ear Institute. 


The focus of this particular search is for outstanding individuals 
whose expertise lies in one or more of the following fields of 
endeavour, electrophysiology including cochlear physiology, 
cochlear biophysics and modelling, psychoacoustics, and 
neuroscience of the central auditory system. Outstanding 
candidates whose research interests lie in other areas of interest, 
including human genetics, molecular and cellular biology, 
developmental biology, cell physiology, audiological science or 
medical imaging and its clinical interface are also encouraged to 
apply. 


Salary will be on Grade of the University College London 


Nathalie Rose Barr PhD 


e Studentships 


Call for Proposals 
The International Spinal Research Trust is a UK-based medical 
research charity (no. 281325) with the sole purpose of funding research 
aimed at resolving the non- or partial functioning of the injured spinal cord. 
We invite senior scientists (supervisors) at UK institutions to submit 
proposals for the support of PhD studentship projects, up to four years for 
science graduates or three years for those with clinical qualifications. 


Application forms are available on request, further information on our 
research strategy and other requirements can be found on our website 


Closing date for receipt of applications is Monday 11th February 2008, 


wuw-spinal-rescarch.org E-mail: research@spinal-research.org 


28th Blankenese Conference 
Minerva-Gentner Symposium 
Sensory Signaling and Information Processing 
May 25-29, 2008 
Hamburg-Blankenese, Germany 
Organising Committee: Doron Lancet, Wolfgang Meyerhof and Dietmar Richter 


‘Topics: Taste — olfaction ~ mechanoperception — vision — audition — information 


processing in sensory pathways 


Keynote Speaker 
L. Buck, Seattle 


Speakers 


Salary Scale which ranges from £34,793 - £41,545 p.a. plus 
£2,649 London Weighting p.a. 


Further details and instructions as to how to apply can be found 
on our website: www.ucl.ac.uk/ear/jobs/jobs.htm. 


E. Ahissar, Rehovot 
K. Avraham, Tel Aviv 
E, Barkai, Hoifa 

H, Breer, Stuilgart 
D. Drayna, Rockville 
Y. Dudai, Rehovot 

T. Finger, Aurora 

S. Firestein, New York 
R. Friedrich, Basel 

G. Galizia, Konstanz, 
Y. Gilad, Chicago 


H. Hatt, Bochum 

S. Herness, Columbus 
J. Hildebrand, Tueson 
B. Kaupp, Jolich 

8. Korsching, Cologne 
D. Lancet, Rehovot 
G. Lewin, Berlin 

R. Malach, Rehovot 

R. Margolskee, New York 
W. Meyerhof, Potsdam 
B. Minke, Jerusalem 


P. Mombaerts, Frankfurt 
M. Naim, Rehoyot 

K. Palczewski, Cleveland 
Z, Selinger, Jerusalem 

1. Segev, Jerusalem 

G. Shepherd, New Haven 
W. Singer, Frankfurt 

N, Sobel, Rehovot 

E, Vaadia, Jerusalem 

Z, Wollberg, Tel Aviv 

F. Zufall, Homburg, 


Informal email enquiries may be made to the Institute Director, 
Professor David McAlpine, on d.mcalpine@ucl.ac.uk. 


Closing date: 31st January 2008. 


UCL Taking Action For Equality. 
rere 


Call for Abstracts 
‘You are invited to submit one page abstracts for poster presentations. A number of 
abstracts will be selected for oral presentations, 


For registration see http://www.zmah.uni-hamburg.de/blankenese conferences! 


Deadline for submissions: March 15th 2008 . 
wrr0r6e 
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Alternative careers she ce cites 
if the bench gets 


Margarida D. Amaral, PhD 
too much. 


Assistant Professor 
Department of Chemistry and 
Biochemistry 

University of Lisboa 


naturejobs 
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The second Nature Chemical Biology Symposium: Chemical Neurobiology will explore how chemists 
and biologists are using the tools and philosophy of chemical biology to understand the molecular basis 
of neuronal function. The two-day meeting will comprise a series of four scientific sessions that look at 
distinct molecular functions of a neuron and concludes with a keynote session featuring Linda Buck, 

a pioneer in the field of neuroscience. 


Organizers 


Oe (ey The New York blish 
chemical biology \ Academy of Sciences nalute PUD USING group g 
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natureconterences 


Unique events committed to scientific excellence 


Come and join us in 2008... 


Miami Winter Symposium 

Regulatory RNA in Biology and Human Health 
February 2-6, 2008 

Miami Beach, FL, USA 
www.nature.com/natureconferences/miami/MWS2008 


Nature Chemical Biology Symposium 2008 
Chemical Neurobiology 

February 22-23, 2008 

New York, NY, USA 
www.nature.com/natureconferences/nchembio2008 


Emergence & Convergence mini-symposium 
Epigenetics and Behavior 

March 31, 2008 

Houston, TX, USA 


www.nature.com/natureconferences/eandc/epigen 


XX International Congress of Genetics 
Genetics = Understanding Living Things 

July 12-17 

Berlin, Germany 
www.nature.com/natureconferences/icg2008 


And more... 


Check the natureconferences website often for new conferences, conference 
updates, speaker lists, registration and application details, and more information. 
www.nature.com/natureconferences 


nature publishing group npg 


mer20se 


Increasing evidence suggests that reciprocal signaling pathways regulate the development of various T subsets, 

in particular T helper and T regulatory cells. Consequences of how these regulatory pathways operate can either 
exacerbate or ameliorate disease and infection; of paramount importance to outcome are intrinsic (gene programs) 
and extrinsic factors (cytokines) that determine which subset of T cell develops. Discussions will approach 

these issues from different angles, linking a broad range of experimental approaches and cellular and molecular 
mechanisms with chronic inflammation and disease. 


This is a closed meeting with a non-traditional, highly interactive, discussion-driven format, in which attendees are 
chosen by invitation or application. The aim is to stimulate conceptual breakthroughs leading to advancement in 
the fields of chronic inflammation and control of infection mediated by T lymphocytes. 


Organizers Sponsoredby 


nature 
immunology 
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When Britney Spears comes to my lab 


Now that's what | call pop culture! 


Vince LiCata 


FOR IMMEDIATE RELEASE: Louisiana 
native Britney Spears has been considering 
attending a few classes at the Louisiana 
‘State University (LSU) in Baton Rouge, 
not far from her hometown of Kentwood. 


When Britney Spears comes to LSU she'll 
be wearing a silver strapless stretch top 
that doesn't show too much of her belly 
(unless she actually moves her arms), and 
black Capri pants with a little dip in the 
waistband. Soon after she arrives shelll 
start working as a student researcher 

in my laboratory, because, to tell the» 
truth, Intro Biology will be more 
interesting than she expected. Cutting 
up dead animals in the student lab will 
give her an odd, heady rush that she'll 
find slightly disorientating and mildly 
pleasant. She'll feel driven to learn more 
about real scientific research. 

Til teach Britney not to chew gum over 
the experiments, how to untangle her hair 
from the pH meter, and what the label “use 
only with adequate ventilation” means. 
Soon she'll get her very own research 
project, most likely one of our diabetes 
projects, as the match between a pop star 
and research on abnormal sugar and lipid 
metabolism should work well. Britney will 
pump out a lot of good data (she is some- 
thing ofa workaholic), but gradually, with 
her music, her intermittent marriages and 
pregnancies, not to mention her classes, 
the amount of time she spends in lab will 
begin to dwindle. I'll give her my standard 
lecture about commitment, but in the end, 
Britney will decide to put in more hours at 
the lab for the same reason all good scien- 
tists do; because she likes it. 

As Britney becomes more adept and 
independent in the lab, injuries will 
become less frequent, as will damage to 
the equipment. A particularly harrowing 
incident involving an autotitrator anda 
Lycra stretch top will induce her to dress 
more conservatively. Her data will be solid, 
reproducible and publication-quality. 
She'll use vacations and breaks to record 
new songs, and tour during summers. 
Otherwise, she'll spend a lot of time in the 
lab, even when it sometimes means flying 
in and out of town the same day. 

After the initial shock, new students will 
quickly learn that Britney is one of the most 
productive members of our group. All lab 
members will learn how to expel annoy- 
ing reporters, politely and efficiently. The 


assortment of groupies who will constantly 
hang around outside our laboratory door 
will be, for the most part, well-behaved. 
Britney’ contributions to science will 
reach far beyond my laboratory. Britney 
will engender an unprecedented level of 
public interest in basic science. Funding in 
all areas of research 
will reach miracu- 
lous new levels. 


Britney 
will teach the public 
that you have to under- 
stand the fundamentals 
of a system before you 
can even think about curing a disease. 
This won't happen overnight. In fact, the 
first time she’s asked about her research on 
Entertainment Tonight she'll mispronounce 
the word ‘adipocyte’ But soon her public 
discourse will become error-free and on- 
point. The number of young people and 
other celebrities entering science careers 
will skyrocket, 

After LSU, Britney will go on to earn 
her PhD from Harvard. The same month 
Britney defends her dissertation, she will 
co-host the Grammys wearing a semi- 
transparent version of a graduation gown 
and PhD hood. During her postdoctoral 
work at the Pasteur Institute, she'll adapt 
well to the French diurnal rhythms: saun- 
tering into the lab around 11, and working 
till dinner at 10in her favourite Montpar- 
nasse cafe, Her work with whole-animal 
responses to the antidiabetic treatments 
she will have developed in graduate school 
will attract international attention. French 
journalists, like the Americans before 
them, will come to accept the fact that they 
will have to learn some basic biochemistry 
ifthey want an interview with Dr Spears. 


Britney will spend the next few years 
setting up her own laboratory and in-lab 
recording studio at her first faculty posi- 
tion in the Biochemistry Department at 
St Jude's Children’s Hospital in Memphis, 
‘Tennessee. Will her colleagues resent her 
skimpy outfits, that garish eyeliner, and 

the constantly blaring pop music com- 

ing from her lab? Some will, but most 
will realize that beneath that 
spandex and body glitter is 
the heart of a dedicated sci- 
entist. Britney's work will 
uncover promising new 
avenues for treating diabe- 
tes. Unlike many scientists, 
she'll have to hire security 
when she gives a research 
talk. Her yearly FBI report 
will show that the majority 
of herstalkers have PhDs. 
One night, not many 
years later, Britney will 
be sitting alonein a diner 
on Elvis Presley Boul- 
evard, nursing a cup of 
coffee, and trying to stay awake 
in order to go help a student take 
a late-night time-point. She'll be 
looking out the window and wondering 
what her life would have been like if she 
hadnt spent so much time in the lab and 
had stayed more involved with her music. 
The window will reflect the profiles ofa 
woman and a boy sitting in the booth in 
front of her. The boy will look up from 
his magazine. 

“Mom, what's diabetes?” 

“Well, honey, it’s a serious disease that 
has to do with your body not properly 
digesting sugar. It can make you go blind, 
or have to have your legs amputated or 
even kill you” 

“Eww, What if] got that?” 

“Well, you don't have it, honey, but even 
ifyou did, I heard they havea lot ofnew 
treatments for it now. I heard Britney 
Spears works onit? 

The boy will go back to his reading. Brit- 
ney will take another sip of coffee. Looking 
up, she'll catch the eye of the waitress, and 
order a slice of pie. She’s supposed to be 
ona diet, but she hasr't shown her belly in 
public for years, and there's still 20 minutes 
beforeshe has tobeback inthe lab. =m 
Vince LiCatais an associate professor of 
biological sciences at LSU, studying 
protein structure and function. He also 
writes plays, which have been producedin 
several US cities, 


JACEY 


natureinsight 


PROTEINS TO PROTEOMES 


This Insight features truly outstanding Reviews, written by 
an all-star panel of leaders in the field. Including the most 
vibrant research on how various proteins interact with each 
other to form the larger machines that get our cells running, 
including how such basic research translates into drug 
discovery. 


Biochemists began by taking cells apart, and have worked 
hard to isolate cellular components from each other, so as to 
be able to understand elementary functions. After almost to 
two centuries of intense labour, and now that full part lists 
(genomes) have been completed, they are faced with the 
problem of understanding how all those parts work together 
as a coherent ensemble. This Insight highlights some of the 
most exciting new discoveries involving the protein world. 


Produced with support from 


Read the Insight in the Dec 13 issue of Nature or access it 
online at: 


nature publishing group @ 


It needs to be seen to be truly appreciated. The ball drops. It picks up 
speed during a free fall. Then three pincers grab it with perfect timing. 
Even if the ball is off center, the pincers adjust, bouncing the ball from 
one to the other before securing it. The pincers know what to do. 


The heart of this precision robotic system is Hamamatsu Photonics 
Smart Camera. Conventional cameras used in artificial vision only 
capture 30 frames per second. Hamamatsu Photonics Smart Camera 
uses a column parallel vision system that can capture and analyze 
images, and direct mechanical movement, in less than a millisecond. 


The system is based on a parallel structure in which each pixel employs 
its own dedicated processor, The parallel system is streamlined into a 
compact controller board. 


This system will enable faster and more precise tracking and analysis- 
a boon for applications in the automation of factory equipment, vehicle 
and robot control, and inspection, as well as microscopy, the tracking of 
eye movements, and the analysis of movement in athletics. 


For more information, visit our site ip hamamatsu.com/en/rd/publication 


HAMANATSU PHOTONICS K. K. 
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MILLISECOND VISION 
COORDINATED MOVEMENT 


Hamamatsu Photonics Smart Camera makes high 
speed and intelligent image processing possible. 


Hamamatsu Photonics 
‘Smart Camera is being 
developed in ongoing 
cooperation with the 
University of Tokyo, Ishikawa 
Namiki Komuro Laboratory. 


Hamamatsu Photonics’ expertise with light has revealed an elegant 
solution to a complex problem. 


Photon is Our Business 
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